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Continuing i t s  i n t e r e s t  i n  the photovoltaic area,  the Interagency 

Advanced Power Group (IASG) has published f o r  the  t h i r d  time the  

proceedings of the Photovoltaic Spec ia l i s t s  Conference. The content of 

these proceedings - a s i g n i f i c a n t  p a r t  of the information exchange 

a c t i v i t i e s  of the  IAPG - is of par t icu lar  i n t e r e s t  t o  members of i t s  

Solar  Working Group. 

This conference, the f i f t h  of i t s  kind, w a s  cosponsored by lEEE, 

AIAA, and t h e  NASA-Goddard Space Fl ight  Center. F a c i l i t i e s  f o r  meetings 

and other arrangements were the respons ib i l i ty  of NASA-Goddard. 

Presentations a re  included i n  the  order i n  which delivered at  the  

conference and were prepared from papers submitted t o  the Power Infor-  

mation Center (PIC) through the IEEE. Where papers have been authored 

by more than one p r s o n ,  cover sheets bear the  name of the person who 

a c t u a l l y  gave the  presentation. 

Presentations a r e  arranged i n  three  volumes and f i v e  sect ions 

r e f l e c t i n g  the arrangement of t h e  conference i n t o  three  days and f i v e  

sessions.  Contents of the volumes are as follows: 

Volume 1 - Advanced Solar  Cells 

Volume I1 - Thin Film Solar  Cells and Radiation Damage 

Volume I11 - Solar F'ower Systems Considerations 

Transcr ip t ims  of the  discussion periods following each presenta- 

t i o n  w e r e  prepared by Mrs. -Marion Beckwith of M r .  Cherry's staff a t  

NASA-Goddsrd. This e f f o r t  i s  acknowledged as an important contr ibut ion 

t o  the proceedings. 

Inclusion of a paper i n  these proceedings i n  no way precludes l a te r  

publicatiori  i n  professional society journals.  
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CAII1:BRATION OF SOW. CELLS USING HIGH-ALTITUDE A I R C W T  

I 

Henry W. Brandhorst, Jr. 
Lewis  Research Center  

National Aeronautics and Space Administration 
Cleveland, Ohio 44135 

Since June 1963 the  NASA-Lewis Resear h Center has been using a high- 
a l t i t u d e  a i rp lane  t o  ca l ib ra t e  so la r  cellsC1). I n  t h i s  technique short-  
c i r c u i t  cur ren ts  of t he  s o l a r  c e l l s  are measured a t  d i f f e r e n t  a l t i t u d e s  
and then p lo t t ed  logari thmical ly  as a function of a i r  mass. 
of these  d a t a  t o  a i r  mass zero yields  the  outer  space sho r t - c i r cu i t  current  
of t he  s o l a r  c e l l .  

Extrapolation 

The a i r c r a f t  used i n  these s tudies  is a B-57B as shown i n  Figure 1. 
It c a r r i e s  a crew of two - a p i l o t  and a research observer. The solar 
c e l l s  are mounted i n  a coll imating tube located i n  the  a f t  fuselage (See 
Fig. 2 ) .  
t he  t e s t  assembly. Because temperatures as low as -5OOC a r e  encountered 
on these  f l i g h t s ,  t h e  s o l a r  c e l l s  a re  mounted on a block on which the  tem- 
perature  i s  thermostat ical ly  controlled.  

This area i s  not pressurized; hence, no window i s  placed over 

The col l imat ing tube i s  designed s o  t h a t  even with a va r i a t ion  of 2' 
i n  any ax is  during f l i g h t  complete i l luminat ion would s t i l l  be maintained 
over t he  sample holder which contains s i x  c e l l s .  The tube i s  pivoted s o  
t h a t  t h e  angle of t he  tube will correspond t o  the  s o l a r  e leva t ion  a t  the  
time of t he  f l i g h t .  Once airborne, proper or ien ta t ion  of t he  tube t o  the 
Sun i s  assured by using a n  op t i ca l  s igh t  i n  the  cockpit which is  exact ly  
p a r a l l e l  t o  t he  coll imating tube i n  t he  a f t  sect ion.  

The outputs of t he  solar c e l l s  a r e  measured as voltages across a 
i-ohm load .  I n  addi t ion t o  the  s i x  sho r t - c i r cu i t  current  voltages,  t he re  
a re  seve ra l  addi t iona l  measurements r e l a t i n g  t o  the  temperature and s o l a r  
i n t e n s i t y  as  shown i n  Figure 3. 
s tepping switch and measured with a recording d i g i t a l  voltmeter system 
loca ted  i n  the  cockpit and operated by the  research observer. 

These voltages a re  indexed through a 

C ?hp a rea  for these f l i g h t s  i s  located 40 North l a t i t u d e  and 62' 30' 
West. .longitude, which i s  j u s t  eas t  of Columbus, Ohio, The f l i g h t s  take 
place between 1 1 ~ 3 0  and 12:3O t r u e  s o l a r  time (approximately 12:OO t o  1:OO 
ESX) t o  ensure minimum a i r  mass and minimum elevat ion change of t he  Sun. 

On a typ ica l  run, as shown i n  Figure 4, measurements a re  made a t  
a l t i t u d e s  ranging from 12,000 t o  47,000 f e e t  i n  5,000-foot i n t e rva l s .  
knowing the time and loca t ion  of each measurement, t he  so l a r  e leva t ion  can 
be determined. 
t h e  air  mass of each point .  Typical values of the  a i r  masses encountered 

By 

Combining t h i s  with t he  a l t i t u d e  of each measurement y ie lds  

E-1-1 
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i.n t h i s  work range from 0.14 t o  0.67 i n  June and 0.3 t o  1.4 i n  ,January. The 
shor t - c i r cu i t  currents s o  obtained are  p lo t t ed  logari thmical ly  as a funct ion 
of air mass and extrapolated t o  a i r  mass zero. 

Two correct ions must be applied t o  t h i s  extrapolated current  t o  obtain 
the  t r u e  outer  space sho r t - c i r cu i t  current .  The first cor rec t ion  must be 
m a d e  because of the  nonuniform d i s t r i 5 u t i o n  of ozone i n  the  atmosphere. 
Roughly 80 percent of the  ozone i s  s t i l l  above 47,000 f e e t .  While t h e  ma- 
jor ozone absorption occurs i n  the  u l t r a v i o l e t  region below the  response of 
most so l a r  c e l l s ,  there  is  a weak absorption i n  the  v i s i b l e  region between 
0.4 and 0.7 micron known as t h e  Chappuis band. 
current  caused by t h i s  absorption can be calculated and i s  about 0.9 percent 
f o r  t yp ica l  n/p s i l i c o n  c e l l s .  
t he  da t a  t o  one so la r  constant,  139.6 m i l l i w a t t s  per square centimeter. 

The decrease i n  sho r t - c i r cu i t  

The secona correct ion i s  normdiza t ion  of 

A t  the  1964 Photovoltaic Spec ia l i s t s  Conference, a discrepancy amounting 

( 2 )  
t o  severa l  percent was reported between predict ions based on balloon-flown 
and airplane-flown c e l l s  with the  a i rp lane  predict ions being s l i g h t l y  lower 
Also, t h e  poss ib i l i t y  of curvature of t he  Langley p l o t  was noted. 
t i o n  of these e f f ec t s  was possible  at t h e  time, 
i s sue  was  c l ea r ly  resolved, as shown i n  Figure 5. The break i n  the  curve 
occurs at about a i r  mass 0.6, corresponding t o  an a l t i t u d e  of 27,000 f e e t .  
Linear p l o t s  a r e  obtained both above and below t h i s  point .  It should be 
noted t h a t  extrapolat ion of t h e  lower slope y i e lds  an outer  space short-  
c i r c u i t  current  some 7 percent below t h e  t r u e  value. 
abrupt and must, we f e l t ,  be associated with some pecul ia r  property of t h e  
atmosphere. 

. 
No explana- 

I n  February 1965, the  l a t t e r  

The break i s  very 

A d i r e c t  cor re la t ion  between the  loca t ion  of t he  break i n  the  Langley 
p l o t  and t h e  tropopause was made as shown i n  Figure 6. 
the  boundary between the  lower atmosphere or troposphere and t h e  s t ra tosphere .  
It i s  t h e  a l t i t u d e  a t  which t h e  ambient temperature e i t h e r  reaches a constant 
value (around - 6 o O c )  or t h e  temperature lapse  rate decreases t o  2OC or less 
per  kilometer.  I n  the  three  cases shown i n  Figure 6, t he  tropopause, ind i -  
cated by t h e  arrow, was loca ted  at  a l t i t u d e s  of 35,000, 38,000 and 31,000 
f e e t  Corresponding t o  air masses of (2.37, 0.26 and 0.4, respect ively.  
da.ta were taken over t he  period of March t o  Apr i l  1965. 
between the  h c a k i o n  I;f t h e  tropopause and t h e  break i n  the  Langley p lo t  i s  
exc e L k  n t  . 

The tropopause i s  

These 
%e co r re l a t ion  

I- ord-r tJ  determine i f  varLations i.n the tropopause e f f e c t  t h e  ex t ra -  

All 
polated shor t - c i r cu i t  c u r e n t ,  t h e  same c e l l  was  flown at, t i m e s  when t h e  t r o -  
popause w a s  at air masses of 0.23, 0.25 and 0.34, as shown I n  Figure 7. 
da7a have been ncrmdized t o  one s o l a r  constant .  It can be seen t h a t  t h e  
b e a t i o n  of t h e  tropopause has no e f f e c t  on t h e  extrapolated cur ren t  provided 
the  port ion of the curve above the tJropopause i s  used f o r  ex t rapc la t lon .  
Furthermxp, the percentage d i f fe rence  betwecn the  upper curve ex t rapola t ion  
and the  current  obtxiined by using the  l i n e  below the  tropoPause i s  var iab le  
and decreases as t h e  height of t h e  tropopause increases .  

I 
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I n  order t o  obtain an accurate ca l ibra t ion ,  then, t h e  f l i g h t s  m u s t  be 
m a d e  above the  tropopause. 
a rea  i s  about 36,000 feet. 
and i n  the  winter it can go as low as 23,000 f e e t .  
service ce i l i ng  of 50,000 f e e t ,  su f f i c i en t  data f o r  accurate ex t rapola t ion  
of t h e  Langley p l o t  cannot be obtained when the  tropopause i s  above 40,000 
fee t .  Therefore, f l i g h t s  a re  l imi ted  t o  t h i s  condition and t h e  a l t i t u d e  
i n t e r v a l  between da ta  runs i s  var iable  from 2,000 t o  5,000 feet, depending 
on tropopause locat ion.  

Average height of t h e  tropopause i n  t h e  t es t  
D u r i n g  t he  summer it rises t o  about 49,000 f e e t  

While the  B-57B has a 

The physical  o r ig in  of t h i s  break i s  not completely c l e a r  a t  the  present 
time. Calculation of t h e  s o l a r  c e l l  sho r t - c i r cu i t  cur ren t  as a funct ion of 
a l t i t u d e  assuming nonuniform ozone and water vapor d i s t r i b u t i o n s  i n  t h e  
atmosphere y i e lds  a curve which breaks i n  t h e  opposite d i rec t ion .  
graphs of t h e  

loca ted  near t he  tropopause; however, because of t he  s i z e  of t h e  solar 
image, t h i s  e f f e c t  should be negligible.  

Photo- 
o ar image through the  tropopause show no change i n  s ize .  

A recent  paper 73f shows the  presence of a "twinkle" l aye r  i n  the  atmosphere 

There does e x i s t  a haze layer  at  the  tropopause, however, which may 
explain t h e  e f f ec t .  
ward, but  we have observed it while lookin or izonta l ly  at a l t i t u d e s  near 

haze l aye r  and a l s o  shows t h a t  it can disappear i n  a few hours. 
observed a f e w  curves that do not show a break at  t h e  trGpopause bu t  do 
show the  high slope expected of  data  taken only above t h e  tropopause. 
behavior has been observed only i n  t h e  summer. 

It i s  not v i s ib l e  t o  t h e  naked eye while looking up- 

the  tropopause. A paper by K u h n  and Suomi e47 confirms t h e  exis tence of t h i s  
We have 

This 

I n  order t o  confirm the  accuracy of t he  p l o t s  made above the  tropopause, 
a series of f l i g h t s  was m a d e  on both primary and secondary balloon standard 
c e l l s .  The secondary standard c e l l  t h a t  was flown was obtained from t h e  
Jet Propul i n Laboratory and had been ca l ibra ted  with t h e  technique described 

All data a re  normdlized t o  28°C and 139.6 m i l l i w a t t s  per square centimeter. 
No break was observed at the tropopause. 
flown and i t s  value d id  not deviate from i t s  ca l ib ra t ion  value. 
of t h e  i n i t i a l  Jet  Propulsion Laboratory ca l ib ra t ion  was f 0.9 percent.  
agreement between t h e  two ca l ibra t ions  with the  airplane r e s u l t s  being s l i g h t l y  
higher.  

by Ritchie  7 7  5 l as t  year. The results of t h i s  ca l ib ra t ion  are shown i n  Table I. 

A ca l ibra ted  monitor c e l l  w a s  a l s o  

The 
The accuracy 

I? summary, we have observed an unusual e f f e c t  associated with the  t r o -  
popause which causes an abrupt change i.n t h e  s h p e  of t h e  s o l a r  c e l l  Langley 
p l o t .  Extrapolation of d a t a  taken above t h e  tropopause t o  air  mass ze ro  
y i e l d s  cons is ten t  and accurate values of t h e  outer space sho r t - c i r cu i t  cur- 
r e n t .  Airplane ca l ib ra t ions  of both primary and secondary balloon standard 
c e l l s  were ca r r i ed  out and show excel lent  agreement between tht. various 
techniques e 
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OUTER SPACE SHORT C I R C U I T  AIRPLANE GROUND 
c-w, Isc o*, rnA AVERAGE, CALIBRATION 

J 
ISC,O*’ ISC,O*, 

mA mA JULY 31, 1964 AUGUST 5, 1964 

48.3 48.3 48.3 48.45 

CELL 
NUMBER 

1. 

NASA- 182 
I 

T. BLE I .  - AIRPLANE CALIBRATION OF SECONDARY STANDARD CELL 

TABLE 11. - AIRPLANE CALIBRATION OF PRIMARY BALLOON STANDARD CELLS 

LCELL 1 OUTER SPACE SHORT C I R C U I T  I AIRPLANE 
AVERAGE, 

mA 
I S C  ,o* , 

1A 

1B 
2A 
2B 

3B 

52 * 9  
59 -0  

47 .O 

52.3 

44.6 

53 90 
59.1 
47.4 
52.4 
44.9 

52 995 
59 n o 5  
47.2 

52 35 
44 *75 
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BALLOON 
CALIBRATION, 

mA 
ISC,O*’ 

52.8 

58 -7  
46.8 
52 .o 
44.5 
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. I 
SOLAR 

OUTPUTS 

~~ 

I A 
REAR OF AIRPLANE COCKPIT I 

CS-32239 

BLOCK DIAGRAM OF DATA ACQUISITION SYSTEM. 

Figure 3. 

FLIGHT PATTERN FOR B-57B SOLAR CELL TESTING FLIGHTS 

47,000' 

42,000' 

37,000' 

32,000' 

27,000' 

22,000 

17,000' 

12,000' 
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CORRELATION BETWEEN TROPOPAUSE AND THE ANOMALOUS LANGLEY PLOT 

12'r 

S H O R T  
C I R C U I T  

C U R R E N T ,  
MA 

Figure 6. 

EFFECT OF 

S H O R T  
C I R C U I T  

C U R  RENT,  
MA 

TROPOPAUSE ON THE OUTER SPACE SHORT CIRCUIT CURRENT 

A I R  MASS 

Figure 7. 
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ANOMALOUS LANGLEY PLOT 

I I 
. 2  . 4  . 6  . 0  1.0 

A I R  M A S S  CS-37280 

Figure 5. 
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Discussion 

Reynard: Questions, please. 

F l icker  - TRW: It seems f a i r l y  obvious t h a t  s ince you are already measuring 
the  in tegra ted  power with a pyrheliometer, the  only problem a t  the  tropo- 
pause must be i n  the  d i s t r ibu t ion .  
in te r fe rence  f i l t e r s  i n  f r o n t  of your pyrheliometer? 

Have you t r i e d  sending up a s e t  of 

Brandhorst: Instead of pu t t ing  interference f i l t e r s  i n  f r o n t  of t he  
pyrheliometer, which unfortunately i s  extremely broad band and a 
r e l a t i v e l y  inaccurate device, l e t  me say - t h a t ' s  on tape,  I ' m  sorry - 
( laughter ) ,  we have an t ic ipa ted  put t ing various f i l t e r s  over c e l l s  them- 
se lves ,  i n  hopes of observing some blue t o  red r a t i o  s h i f t  through the  
tropopause. We have not had the t i m e  t o  do t h i s  as ye t .  

Haynes - NASA-Langley: Your tropopause - i s  t h i s  a l o c a l l y  occurring 
phenomenon? 

Brandhorst: No. The tropopzuse i s  a universal  phenomenon of t he  
atmosphere. 

Ilaynes: 
yourself  of a high tropopause. 

I see. Then you couldn ' t  change your loca t ion  and thereby r i d  

Brandhorst: We can. Curiously enough, t he  tropopause reaches an average 
m a x i m u m  height around 5O,OOO f e e t  a t  the equator and descends t o  an 
average value of about 24,000 feet a t  the  North Pole. 
thought of going t o  m u l e ,  Greenland and f ly ing .  
v a r i a t i o n  i n  tropopause height:  the f a r t h e r  north you go, the  lower it 
ge t s .  

I don ' t  l i k e  the 
( laughter )  There i s  a 

ysds - T ~ G  ~~-~t-~s~ n- ---.. ~ o - ~ n  0n-r faalincr ahniif  i i i f f ~ r ~ n p ~  uv y u u  LLc*"L U L A y  L b . r & L L y ,  U V V U "  ..---------- 
s p e c t r a l  i r radiance a t  the lowest a l t i t u d e  and the highest  a l t i t u d e  t h a t  
you go? 

Braidhorst :  We have no idea of  the s p e c t r a l  d i s t r ibu t ion .  We have, as I 
sa id ,  made measurements of the so la r  i n t e n s i t y  with the  pyrheliometer as a 
func t ion  of a l t i t u d e .  We unfortunately haven ' t  been able  t o  make a r i  
s p e c t r a l  d i s  t r ibu t  i an measurements . 
Yuei - Xaval Research Lab: Do you take in to  c m s i d e r a t i o i  whether yau're 
using blue response 3r red response c e l l s ?  

Brandhorst: We've flown a number of d i f f e r e n t  s p e c t r a l  response s o l a r  
c e l l s  ranging from the  p on n red-shif ted c e l l s  t o  the  current ,  extremely 
b lue-sh i f ted  n on p c e l l s  - some t h a t  a re  made a t  Lewls. We've a l s o  
flown cadmium su l f ide  c e l l s .  The only correct ion t h a t  we make f o r  
s p e c t r a l  response i s  i n  the  czone correct ion.  It changes it s l i g h t l y .  
I t ' s  about e ight - ten ths  percent fo r  a t y p i c a l  p m n c e l l ,  about 1.1 
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percent f o r  gallium arsenide, 1.2 percent f o r  cadmium sul f ide ,  as I r e c a l l  
off  hand. 

Yuen: But I was thinking about t h i s  tropopause e f fec t .  Do a l l  c e l l s  have 
t h e  same e f f e c t ?  

Brandhorst: Yes. Regardless of c e l l  ty-pe, there  i s  always an abrupt s h i f t  
a t  the tropopause. 
would have would be t o  perhaps change the slopes of the curve s l i g h t l y .  

The only e f f e c t  t h a t  the d i f f e r e n t  s p e c t r a l  responses 

I Yuen: Another question. Do a l l  the c e l l s  have cover s l i d e s  on them? 

Brandhorst: 
w e  see no difference i n  the r e s u l t s  as far  as the tropopause i s  concerned. 

No, w e  have flown with and without cover s l i d e s  on them and 

B. Cunningham - GSFC: In  one of the  s l i d e s  you showed a favorable 
comparison between a i r c r a f t  data  - I th ink  balloon data - and then i n  the  
las t  column - the column f u r t h e s t  t o  the  r i g h t  - you showed a ground 
c a l i b r a t i o n  column. 
a i r c r a f t .  

It again compared favorably with the  balloon and 
What do you mean by "ground cal ibrat ion"? 

Brandhorst: This ground c a l i b r a t i o n  was done by Don Ritchie a t  Table 
Mountain. These are t h e  secondary standards t h a t  he generated against  
t h e  primary balloon c e l l s  as described las t  year. 
t o  it as the  ground c a l i b r a t i o n  - it i s  the  secondary standardization. 

This i s  why I refer red  
I 
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Abstract 

This s o l a r  c e l l  c a l i b r a t i o n  experiment has been designed t o  evaluate s o l a r  
c e l l  performance i n  space over various wavelength regions A de ta i led  matching 
and c a l i b r a t i o n  program w a s  car r ied  out t o  s e l e c t  an e s s e n t i a l l y  i d e n t i c a l  
group of s o l a r  c e i l s .  The s o l a r  c e l l s  were t o  be flown on a satell i te without 
recovery capabi l i t i es ,  so  it w a s  necessary t o  obtain duplicate u n i t s  which could 
be maintained on the ground and be ca l ibra ted  i n d i r e c t l y  by the  telemetry data  
from the space uni ts .  

This paper describes the p r e f l i g h t  measurement and matching program which 
w a s  car r ied  out t o  provide severa l  complete standard u n i t s  of e s s e n t i a l l y  
i d e n t i c a l  c e l l  charac te r i s t ics .  The primary c r i t e r i a  f o r  se lec t ion  w a s  the 
matching of c e l l  s p e c t r a l  response over a temperature range of 10 t o  90°C. 
Also, measurements and matching of c e l l  current  output a t  load point at various 
temperatures were made. 
experiment and the encapsulation i n  t h e  f l i g h t  package, a f i n a l  cor re la t ion  
r a t i o  w a s  determined between a l l  c e l l s  when il luminated with various l i g h t  
sources. The matching program resu l ted  i n  a t  least f i v e  c e l l s  of each of the  
f i v e  f i l t e r  types being matched t o  within ? 2% over a wide temperature range. 
The f l i g h t  c e l l  and a t  l e a s t  one c e l l  on the ground of each type were matched 
t o  within ? 1%. 

A f t e r  f i n a l  se lec t ion  of the c e l l s  t o  be used i n  the 

I n  conclusion, several  predict ions of the space performance of these c e l l s  
were made based on present-day e a r t h  t o  space extrapolat ion techniques. 
comparison of the c a l i b r a t i o n  data obtained from space t o  these predict ions 
gives a good check on the v a l i d i t y  of the extrapolat ion techniques t y p i c a l l y  
used. 

A 

. 
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PmFLIGHT CALIBRATION AND MATCHING OF SOLAR CELLS 
FOR A BAND-PASS FILTER EXPERIMENT 

E. L. Ralph 
Heliotek, Division of Textron Electronics  , Inc. 

In t  roduc t ion 

A t  the t i m e  t h i s  band-pass f i l t e r  experiment w a s  conceived, the  knowledge 
of the  expected performance of solar  c e l l s  i n  space sunlight w a s  s t i l l  somewhat 
uncertain even though the general  claim w a s  t h a t  performance t o  within about 
?5$ w a s  known. Several attempts t o  try and improve upon t h i s  uncertain 
been made, but i n  every case an extrapolation technique has been used . l  
It w a s  f e l t  t h a t  a space ca l ibra t ion  e x p e r w n t  with some addi t ional  s p e c t r a l  
information would be very usefu l  t o  v e r i f y  previous c a l i b r a t i o n  s tudies  and, i n  
addition, supply s p e c t r a l  ca l ibra t ion  data f o r  checking out s o l a r  simulators. 

This experiment u t i l i z e d  four quartz windows with d i f f e r e n t  interference 
type band-pass f i l t e r s .  These f i l t e r s  were placed over four  c lose ly  matched 
c e l l s  and one addi t ional  c e l l  had a quartz window without a T i l t e r .  'Yhus, a 
complete standard s e t  analyzed four wavelength regions within the c e l l  response 
range i n  addi t ion t o  the  over -a l l  response analysis .  Figure 1 shows the  t y p i c a l  
f i l t e r  transmission curve f o r  the four wavelength regions. 
t y p i c a l  s p e c t r a l  response curve of the c e l l s  used i n  the  experiment. It can be 
seen t h a t  the four  f i l t e r s  were designed t o  e s s e n t i a l l y  cover the  complete c e l l  
response region. Each f i l t e r  width w a s  chosen so  t h a t  about one-fourth of the  
t o t a l  c e l l  output w a s  obtained. Since t h e  experiment w a s  t o  be flown on a non- 
recoverable s a t e l l i t e ,  it w a s  important t o  prepare standard units similar t o  thz 
f l i g h t  u n i t s  which would remain on the ground t o  be used as working standards. 
The objective w a s  t o  match and select  a l l  c e l l s  and f i l t e r s  as closely as 
p r a c t i c a l  so  that temperature e f fec ts ,  angles of incidence, s p e c t r a l  var ia t ions ,  
e t c .  would have the same e f f e c t  on a l l  c e l l s  and the f i l t e r e d  u n i t s .  This 
extremely close match would then allow one t o  obtain meaningful space c a l i b r a t i o n  
data over a wide range of conditions. One would then be able t o  duplicate these 
conditions i n  the laboratory with the working standards and set up and c a l i b r a t e  
s o l a r  simulators. 
output f o r  the four  d i s c r e t e  wavelength regions, could then be achieved. 

Also shown i s  t h e  

The proper over-all  in tens i ty ,  as wel l  as t h e  proper c e l l  

To accomplish the  above goals a de ta i led  measurement and matching program 
w a s  performed p r i o r  t o  the select ion of the  c e l l s  f o r  the standard s e t s .  The 
following sect ions describe the t e s t s  performed and the resu l t ing  match of 
t h i r t y  s o l a r  c e l l s  which made up s i x  complete standard s e t s  of f i v e  c e l l s  each. 

Measurements 

The i n i t i a l  se lec t ion  of the N/P 10 ohm cm solar c e l l s  t o  be used i n  this 
experiment w a s  based on an eff ic iency c l a s s i f i c a t i o n  i n  a 2800~ Kelvin tungsten 
l i g h t  source. Cells from one eff ic iency grouping were then remeasured i n  the 
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tungsten source a t  28oc and the  c e l l s  were c l a s s i f i e d  i n t o  one milliamp groups. 
Two hundred f i f ty -e ight  c e l l s  within a one milliamp group were then used t o  
make up the population f o r  the s p e c t r a l  response matching program. 

The f i rs t  spec t ra l  response measurement w a s  made on the  258 c e l l s  using 
the band-pass i n t e r f e r  nce f i l t e r  s p e c t r a l  response equipment described i n  a 
previous publication.57 Because of the large nmiber of c e l l s  t o  be tes ted ,  
o n l y  f i v e  wavelengths ( f i l t e r s )  were compared f o r  t h i s  preliminary screening. 
Measurements were made a t  28 and gOOC t o  indicate  the b e s t  match with regard 
t o  s p e c t r a l  response changes with temperature. A d i s t r i b u t i o n  diagram of the 
r e s u l t s  of t h i s  t e s t  i s  shown i n  Fig. 2.  It can be seen t h a t  the d is t r ibu t ions  
are  b e t t e r  formed near the center  of the  s o l a r  c e l l  response range. A t  both 
the blue and r e d  ends the d i s t r i b u t i o n  had a double mode indicat ing a t  least 
two d i s t i n c t  and d i f f e r e n t  c h a r a c t e r i s t i c s  being prresent. 
dif ferences are  probably due t o  a n t i r e f l e c t i o n  coating var ia t ions .  Since a l l  
the c e l l s  f o r  t h i s  experiment were t o  be as similar as possible,  c e l l s  were 
selected from only one mode i n  the extreme wavelength cases. For a l l  other  
wavelengths the d i s t r i b u t i o n  was within i 5% of t h e  mean so  a preliminary 
s p e c t r a l  response match of f 2% seemed possible.  To match a group of c e l l s  
f o r  a par t icu lar  band-pass f i l t e r ,  the response w a s  compared a t  the two 
temperatures and a t  the  wavelengths t h a t  were applicable f o r  the  p a r t i c u l a r  
band-pass f i l t e r  which would be used (see Fig. 1). A s  a m i n i m u m ,  s i x  c e l l s  
f o r  each of the f i v e  f i l t e r  types were desired,  so 39 c e l l s  were selected a t  
t h i s  point t o  allow f o r  fu ture  losses .  

The blue end 

These 39 c e l l s  were then r e t e s t e d  a t  28oc using a l l  t h i r t e e n  wavelengths 
avai lable  i n  the s p e c t r a l  response equipment. This v e r i f i e d  the  previous 
measurement and a l s o  supplied a complete s p e c t r a l  response curve f o r  each 
c e l l .  

Each of the 39 c e l l s  were then soldered onto a metal substrate  with a 
thermal expansion coef f ic ien t  similar t o  s i l i c o n .  
contact and a mechanical method f o r  mounting i n  the  f l i g h t  package after 
f i n a l  matching. 
f l i g h t  package and a quartz window. 

This provided good thermal 

Figure 3 shows the c e l l  subs t ra te  assembly as wel l  as the 

After the soldering and mounting of the  39 c e l l s  the s p e c t r a l  response 
w a s  remeasured a t  a l l  t h i r t e e n  wavelengths and a t  loo, 280, 600 and 90°C. 
This measurement provided the data from which the  b e s t  match could be 
determined. Each of the  four  f i l t e r  types and the over -a l l  response wave- 
length ranges were then assigned s p e c i f i c  c e l l s  based on temperatures. 
c e l l s  selected for each f i l t e r  type were i d e n t i f i e d  by group numbers I through 
V corresponding t o  the f i l t e r  type. 

The 

Spectral  response measurements were repeated twice a f t e r  t h i s  c l a s s i f  i- 
ca t ion  i n t o  groups t o  insure r e l i a b i l i t y  i n  t h e  se lec t ion .  These two 
measurements were done a t  2 8 O  and gO°C f o r  t h e  f i r s t  retest and 280 and 6ooc 
f o r  the  second re tes t .  

E-3-2 
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A f i n a l  grouping and s e l e c t i m  w a s  then made based on the a i a l y s i s  of a l l  
of the above s p e c t r a l  response measurements. Figure 4 is  a summary ta l le  
showing the m a x i m u m  spread i u s  spectral  response f o r  each grcup of s i x  ( o r  
seven) c e l l s ,  f o r  each f i l t e r  type, makiw a t o t a l  of 32 c e l l s  se lec ted ,  
data  i s  tabulated f o r  the  four temperatures i ives t lga ted ,  
c e l l s  within each group are  matched very w e l l  arid have a m a x i m m  spread of l e s s  
than 4% (k 2%) f o r  a l l  wavelepgths io  the c e l l - f i l t e r  respcms region, 
spread betweex the thr3e b e s t  makched c e l l s  of each group w a s  t y p i c a l l y  ore- 
half the to ta l ,  spread, t h l x  giving a match withi: about ? 1% at  a l l  wavelerg-ths 
shown a 

;‘]?_e 
A t  283 a;d 603‘; the  

“he 

The data  a t  10°C arzd gO°C shows a l a r g e r  spread than t h a t  obtaix5d a t  282 
and 60Oc. This could be expected f o r  various r e a s m s ,  F i r s t ,  the measuremeit 
r e p e a t a b i l i t y  ( t y p i c a l l y  f 0.5%) was not as good wher? the t e s t  temperature 
deviated subs tan t ia l ly  from mom temperature This w a s  prirnarfly &J:? t o  
differences i n  c e l l  t e s t  temperatures, Since each c e l l  had t o  ‘c+ placed in a 
temperature control led t e s t  f ix ture  and subsequently a l l o w 4  t o  reach ar 
equilibrium tempersture, s l i g h t  v a r i a t i o x  i n  the thermal cmpl..i?-g awl heat, 

t o  cause the most problem i- ma.tcbing both tk? l x g  a d  the short wavelP_:g+h 
response regions s i m e  these regioszs of the cell s p e c t r a l  response are  the 
most sens i t ive  t o  temperature cnanges, Eeview of the data  i n  JFig. L i r d i c a w s  
t h a t  ninetterl oi’ ihe 21 data  p,uipts hav-tng grea te r  t h a s  k% spinead x c u r  i:: thesz 
regions. To f u r t h e r  complicate the measurements the c e l l  resposse i s  very low 
a t  the  extreme wavelepgth regiozzs, thus reducing the  measure.ranrt accuracy 
f u r t h e r .  Ir_ addi t ion t o  the above the spread i n  resporse woclld ke expected t a  
have the most v a r i a t i o n  ce l l - to-ce l l  a t  the extreme wavelexgth r r g i m s  becaas? 
of the  basic  physical f a c t o r s  contr ibut i rg  t o  the c e l l  respo?se. 
c a r r i e r  l ifetime and r e s i s t i v i t y  v a r i a t i o i s  from ore s i l i c o n  s l i c e  t d  a m t h e r  
w m l d  be expected t o  cause s ignif icark v a r i a t i x s  it? the i x g  wav?,le?gth r e g i x ,  
Ant i re f lec t ion  coatirtg and d i f f u s i m  process v a r i a t i o r s  wmid be expected 50 
have the largest ,  e f f e c t  on the response i n  the short  waveie-gtn regicn, There- 
f o r e  it i s  understandable t h a t  the c % . t e r  wavelergth regior! shDwed l i t t l e  
increase ia response spread f o r  102 acd goo!: while the l o n g  a2d s h r t  wave- 
l e r g t h  regions e x p e r i ? x e d  %T i m r e a s e  ix the spread, thus nakirg e ~ l ;  txatching 
more d i f f i c u l t  i n  t h e w  regi xis 

+-e- ~ d i s f e r  caused s igni f icant  temperature differecces ,  This would be expected 

Mlsority 

Subsequent t o  the spec t ra l  response measurenents ard gro-ripirg of’ thp 
matched cells, measuremcts were made i n  a 01203 Sulc1igh-t Simulator a t  133, 
28O and 90°C. 
group were measured with i t s  respective f i l t e r  type p;aced oveT the  e - l l  
( i a e s ,  the same physical  f i l t e r  wirdow placed on a l l  c e l l s  of a gymp, The 
s h o r t  c i r c u i t  curreEt agd the  currer&t a t  250 mV {correspandiv? t o  h a d  
c o n d i t i o x  i n  the  f l i g h t  experiment) were measured acd the  m a x i m x n  spryad f-,’ 
the  da ta  determizx?d f o r  each group of six c e l l s  per f i l t e r  t y - p .  :-dwtnati3? 
a t  250 my w a s  weded since the prpvious matching w a s  %sed o r  s’rlcrt c i r c u i t  
currefit which d id  pot i r s u r e  s imilar  2 - V  charac te r fs t ics .  Shol-t c i r c u i t  
current  v a l x s  were als2 masured i- sunliglzt ~ r ,  Takie Mou-tair, 2 G i f : r 1 & ,  
a t  28°C with the  propsr f i l t e r  c9vering each cell, 
summarized i n  Fig. 5. T t  c a r  be seen t h a t  the short  c i r c u i t  cuuPa-ts 2f a13 
c e l l s  a t  a l l  th ree  temperatures are matched w i t k i i a  5%. 

For t h i s  t e s t  the  s ix  b e s t  matched c e l l s  from t a c h  f i i t - r  type 

These measuremer-ts are 

This corrasp.xds wel l  
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with the  spec t r a l  response data (which is  ac tua l ly  a shor t  c i r c u i t  current  
measurement). The current a t  250 mV was highly dependent on the  I - V  curve 
shape so t h i s  data showed more spread. 
c i r c u i t  current and current  a t  250 mV had a very s m a l l  spread of less than 
4%. 
since at  9OOC and at 250 mV; t he  knee of the  I - V  curve has a predominant 
e f f e c t  on t h e  current output and a subs t an t i a l  deviat ion from shor t  c i r c u i t  
current  i s  experienced . 

The 100 and 28% data f o r  both shor t  

The gO°C data  showed a l a r g e r  spread a t  250 mV. This w a s  expected 

From the  simulator da ta  above, the temperature dependence of shor t  
c i r c u i t  current  and current  a t  250 mV was obtained. The r e su l t i ng  curves 
are  shown i n  Fig. 6. The deviat ion of the current  a t  250 mV from shor t  
c i r c u i t  current  a t  high temperatures can be seen readily from these cui-ves, 
A t  lower temperatures such as  those expected i n  space, ( a c t u a l  space 
operat ional  temperatures were t y p i c a l l y  about 5 O C )  the  two are i d e n t i c a l  
and the temperature dependence i s  predictable  so  t h a t  r e l i a b l e  temperature 
correct ions can be made. Subsequent t o  the  o r i g i n a l  temperature ca l ib ra t ion  
a repeat measurement was made on the  Spectrosun X-25, a more advanced so la r  
simulator with a b e t t e r  a i r  mass zero spectrum match, and the  addi t iona l  
da ta  points  a t  50 and 28oc were obtained. 
temperatures the da ta  has been re f ined  and should be representat ive of t h e  
temperature e f f e c t  i n  M = 0 sunl ight .  

Therefore, between these 

The above measurements cons t i tu ted  the  pre-encapsulation se l ec t ion  and 
matching program. The c e l l s  were then encapsulated i n  the f l i g h t  package 
with prematched and se lec ted  f i l t e r s .  A prematched and se lec ted  load 
r e s i s t o r  w a s  then soldered across the  c e l l  terminals.  The output voltage 
of each of the s i x  standard s e t s  (consis t ing of onz each of the  f i v e  f i l t e r  
types)  w a s  then measured i n  sunl ight  on Table Mountain, Cal i fornia ,  and the  
output from each c e l l  was cor re la ted  t o  one p a r t i c u l a r  c e l l  f o r  each f i l t e r  
type. 
f o r  a l l  standard s e t s  a t  28oc r e l a t i v e  t o  the  APL standard set which w a s  
maintained as a laboratory standard.  
f i n a l  check of the  sets and indicated the  degree of matching t h a t  was 
accomplished i n  t h e i r  operat ional  state. 
f i l t e r  type 11) w a s  obviously changed during mounting or assembly so t h a t  
it was no longer as c lose ly  matched t o  the  o ther  c e l l s  from the  f i l t e r  T u e  
I1 group. 
based on the  previous measurements. 

Figure 7 shows the  co r re l a t ion  r a t i o s  (voltage output r a t io s )  obtained 

This co r re l a t ion  r a t i o  cons t i tu ted  the 

One c e l l  (Heliotek standard,  

All other c e l l s  w e r e  matched t o  wi th in  t h e  4% t h a t  w a s  expected 

As a fur ther  check of t he  success i n  matching, t h ree  standard sets were 
measured i n  the Dl203 Solar  Simulator and i n  a tungsten (28000~) l i g h t  source. 
The cor re la t ion  r a t i o s  (Fig.  7) show t h a t  t h e  close matching w a s  maintained 
even though these two sources represent  a very l a rge  v a r i a t i o n  i n  spectrum. 

4 

Re s u l t  s 

The matching and se l ec t ion  program described above provided s i x  sets of 
standards which were very s imi la r  i n  response and output. At least one of 
the  s e t s  was matched t o  within 2 1% of F l igh t  Se t  No. 2, which w a s  o rb i ted  
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l e  

. The f l i g h t  r e s u l t s  of t h i s  experiment ,pa and returned space ca l ibra t ion  
are described i n  another paper. Assuming telemetry and data  a c q u i s i t i o i  
e r r o r s  t o  be negl igible  (which may not be the  case) t h i s  one working standard 
s e t  would be space ca l ibra ted  t o  within 2 1%. 
corre la t ion  r a t i o  f o r  each c e l l ,  all standard s e t s  should be ca l ibra ted  t o  
b e t t e r  than 2 1% which would represent a s ign i f icant  improvement over 
ca l ibra t ions  previously avai lable .  

By applying the  corresponding 

In  addi t ion t o  the matching measurements discussed above, several  
measurements and extrapolations t o  M = 0 conditions were made 01: an 
u n f i l t e r e d  Type V c e l l .  This w a s  done by several  d i f f e r e n t  techniques 
t y p i c a l l y  used f o r  predict ing solar c e l l  output i n  space, 
involved a Table Mountain measuremezt a t  100 mW/cs i n t e n s i t y  ( M  = 1') based 
on a pyrheliometer standard. The output w a s  then extrapolated t o  M = 0 
(140 mW/c&) conditions using a K f a c t o r  of 1.21 (determined by a t h e o r e t i c a l  
r a t i o  of the c e l l  s p e c t r a l  response multiplied by the M = 0 and M = 1 s p e c t r a l  
d i s t r i b u t i o n s ) . 7 )  
Type V c e l l  a t  28OC was 61.0 mA ( o r  244 mV across the 4 ohm load r e s i s t o r ) .  

The f i rs t  tes t  

The resu l t ing  M = 0 current output f o r  the  Heliotek Standard 

The second t e s t  involved a Table Mountain measuremect made simultaneously 
The with a measurement of NASA ( J P L )  secondary balloon standard c e l l  Mo. 188. 

r e l a t i m s h i p  based on thz M = 0 (140 mW/cm2) ca l ibra t ion  value of Standard 
No. 188.8) 
current output a t  28OC being 60.8 mA (or 243 mV across the 4 ohm load 
r e s i s t o r ) .  

e ~ t i ~ a F a l a t ~ ~ i ~  to Tv? = 21 coii&ltloiis i&ie by u ~ T L - ~  a &r-t:ci, propor.i-iorj,aii-i;y 

This technique resul ted i n  the Heliotek Standard Type V c e l l  

The t h i r d  t e s t  was t o  set up the X-25 Solar Simulator t o  the  proper 
M = 0 (140 mW/c$) i n t e n s i t y  using Standard No. 188 then measuring the out- 
put of Heliotek Standard Type V c e l l  a t  28oc. 
244 mV across the 4 ohm load r e s i s t o r .  

In t h i s  case the output w a s  

The four th  t e s t  w a s  an M = 0 extrapolat ion from Table Mauntain sunlight 
based on simultaneous measurements with 3 p L  primary balloon standard No. 
BFS17A. 
c e l l  a t  28OC was 242.9 mV across the 4 ohm load r e s i s t o r . 9  

The M = 0 (140 mW/cn?) ca l ibra t ion  of the Heliote Standard Type V 

A l l  four  M = 0 extrapolat ion techniques above showed good agreement 
with the mean value being 243.5 mV. 
c a l i b r a t i o n  experiment indicates  t h a t  the  ca l ibra t ion  value of F l igh t  S e t  
No. 2 Type V c e l l  i n  space a t  280'2 w a s  245 mV. 
output r a t i o ,  corresponding t o  the Heliotek Standard and the Fl ight  No. 2 
Type V c e l l ,  (Fig. 7 )  t o  the space data,  gave a space c a l i b r a t i o n  value f o r  
the Heliotek Standard Type V c e l l  of 244 mV. 
between the various extrapolat ion techniques and the space ca l ibra t ion  was 
obtained . 

Preliminary data  from the space 

Application of the  voltage 

Therefore, good agreemert 
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CURRENT MATCHING IN M=O SIMULATOR AND M = l  SUNLIGHT 

Maximum Spread of Current Output 
Cells Voltage i n  Dl203 Solar  Simulator (Percent) 

Covered with at which 
F i l t e r  I measured 
Type mV 10°C 28*c 90°C 

I ( 6  cel ls)  0 3 *8 3.0 3 .1  
250 3 *8 3 .0  3.1  

11 (6 ce l l s )  0 2.5 3 97 4.9 
250 2.5 3 07 7.5 

111 (6 ce l l s )  0 0.9 3.6 4.5 

N (6  ce l l s )  0 1 - 9  2.8 3 -3  
2.8 10.7 

v (6  cel ls)  0 1.5 1.2 1.7 
1.2 1.2 4.0 

11.7 250 3.6 2.7 

250 1.9 

250 
~ 

Current 
Spread on 

Table Mountain 
(Percent ) 

28"c 

0.9 
--- 
0.9 
--- 
1.9  
--- 
2.9 
--- 
1.1 
--- 
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Light Source 

Table Mountain 

Sunlight 

(@L Meas.) 

D1203 
#alar SiEiJlator 
Heliotek Meas. ) 

~ ~~ 

'ungsten 2800~~ 

Heliotek Meas. ) 

CORRELATION OF ENCAPSULATED STANDARDS 

FW3TrVE TO APL STANDARD SET 

I d e n t i f i c a t i o n  
of Standard 

Set  

F l igh t  #l Std. 

Heliotek Std. 

F l igh t  #2 Std. 

Spare #1 Std. 

/ I n  , 7 8 7  upaic ftc D ~ U .  

Fl ight  #l Std. 

Heliotek Std. 

F l igh t  #I- Std. 

Heliotek Std. 

Voltage Output Ratio (R)* (28OC) 
F i l t e r  Ty-pe 

I I1 I11 Iv V 

1.009 0.980 1.007 1.002 0.997 

1.010 0.934 0.995 0.991 0.997 

0.980 0.994 1.010 1.034 1.004 

0.981 1.000 1.001 1.027 1.003 

6.565 i.Uii i.uj7 1.~23 1.000 

0.995 0.984 1.000 1.000 1.000 

1.005 0.939 0.995 1.000 1.000 

0.977 0.992 1.000 1.005 1.000 

1.000 0.931 1.004 0.997 1.009 

*R = Voltage Output of Standard Unit 
Voltage Output of APL Unit 

Fig. 7 
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CELLS FOR A SOLAR MISSION 
H. Winkler, 3Hc 

The Ames Research Center of the National Aeronautics and Space Admin- 
i s t r a t i o n  has been invest igat ing a mission whose broad objectives include 
obtaining de ta i led  information on f i e l d s ,  p a r t i c l e s ,  radiat ions,  and other 
s o l a r  phenomena i n  interplanetary space. The mission was extensively studied 
i n  1963 by three  bmonth s tudies  conducted by i n d u s t r i a l  contractors  - the  
Missile and Space Division of General E l e c t r i c  at  Valley Forge, Pennsylvania; 
and the  Martin Company, Space Programs Division, Baltimore, Maryland; and 
the Western Development Laboratories of Philco Corporation, Palo Alto, C a l i -  
fornia .  I n  addition, the Honeywell Company studied t h e  mission and m a d e  the  
r e s u l t s  avai lable  t o  NASA. A summary of these r e s u l t s  w a s  presented i n  a 
paper by H. F. Matthews and M. D. Erickson of Ames a t  the  l lational SAE-ASME 
meeting, N e w  York, April, 1964. 
major problems associated with the close-Sun mission i s  the  development of 
a s u i t a b l e  e l e c t r i c a l  power system. The present Pioneer spacecraft  (A  thmidgh 
D )  u t i l i z e s  a spinning cy l indr ica l  s t ruc ture  with s i l i c o n  s o l a r  c e l l  arrays 
mounted around the  outside of t h e  cyl inder ,  The mission of t h e  present s e r i e s  
will car ry  the spacecraft  i n t o  about 0.75 of an astronomical un i t  (AU) from 
t h e  Sun. Studies have shown t h a t  modification of the  present a r ray  would 
allow t r a j e c t o r i e s  as close as about 0.5 AU. For missions with t r a j e c t o r i e s  
placing the  per ihel ion c loser  t o  the Sun (as close as 0.1 AU i s  des i red) ,  
some other techniques are necessary. 

These s tudies  indicated t h a t  one of the  

With the  above fac tors  i n  mind, Ames has pursued several  courses of 
ac t ion  i n  searching f o r  a solut ion t o  the  power supply problem. A method 
of thev?nd r n n t r o l  nf the sn1a.r a.rrayj by t,hp Rdd.it.inn nf reflective siir- 

faces ,  i s  under study by contract  with Philco Corporation. 
shield,  which ad jus t s  t h e  area of s o l a r  c e l l  exposure as the mission nears 
t h e  Sun, has been studied a t  Ames. The thermal aspects of t h i s  approach 
have been studied by contract  with Philco. The r e s u l t s  of t h i s  study are  
being reported by another paper i n  t h i s  session by M. W. Cobb, W. S. Cummings, 
and J. W. Fairbanks of Philco. As p a r t  of t h e  invest igat ion,  Ames decided 
t o  inves t iga te  the  advantages and disadvantages of gallium arsenide s o l a r  
c e l l s  for the  close-Sun missions. Consequently, a study contract  w a s  nego- 
t i a t e d  with Radio Corporation of America, Astro-Electronics Division, Prince- 
ton, New Jersey. The remainder of t h i s  paper presents the  results of t h i s  study. 

A despun thermal 

*Research S c i e n t i s t ,  National Aeronautics and Space Administration, Ames 

*Engineering Group Leader, Radio Corporation of America, Astro-Electronics 
Research Center, Moffett Field, Cal i fornia .  

Division, Princeton, New Jersey. 

Princeton, New Jersey. 
**Engineer, Radio Corporation of America, Astro-Electronics Division, 
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Discussion and Results 

The spec i f ic  s o l a r  missions considered involved per ihel ions of 0.51 
AU,* 0.4 AU, 0.291 AU and 0.09 AU (sample t r a j e c t o r i e s  Figure 1). 
t r a j e c t o r y  approaching 0.4 AU was f o r  a spin-s tabi l ized c y l i n d r i c a l  
vehicle with 55 watts end-of- l i fe  power output.+ The s o l a r - c e l l s  f o r  
t h i s  mission would be bonded t o  the  surface of the spacecraft  (Figure 
2 ) .  The 0.51 AU, 0.291 AU and 0.09 AU t r a j e c t o r i e s  were f o r  a Sun- 
oriented vehicle with 285 w a t t s  end-of- l i fe  power output.++ The 
s o l a r  c e l l s  for  t h i s  mission would be bonded t o  panels which a re  
attached t o  the spacecraft  (Figure 3) .  A design requirement was 
t h a t  the  s o l a r  array provide a continuous power output, not f a l l i n g  
beiow the  end-of-l ife leve l ,  for the  e n t i r e  duration of these missions. 
Thus, the  p o s s i b i l i t y  of varying the  system duty cycle t o  f i t  the 
mission p r o f i l e  was not considered. However, such a p o s s i b i l i t y  must 
be kept i n  mind. The s o l a r - c e l l  output w i l l  slowly vary as the  space- 
c r a f t  approaches the Sun, and a saving i n  array area could be rea l ized  
by m.:tching the system power requirements t o  these var ia t ions.  

The 

An important p a r t  of the e f f o r t  involved analyzing t h e  e f f e c t s  
of environmental fac tors  on s o l a r - c e l l  operation. Specific f a c t o r s  
considered f o r  each of t h e  four  t r a j e c t o r i e s  were high temperature, 
charged p a r t i c l e  (proton) i r r a d i a t i o n ,  u l t r a v i o l e t  i r r a d i a t i o n ,  
micrometeorite bombardment, and s o l a r  wind. The high temperature and 
charged p a r t i c l e  environments a re  the most damaging of the  above 
l i s t .  Thus, t h e  thermal e f f e c t  and the  charged p a r t i c l e  e f f e c t  W i l l  
by the only degradation fac tors  discussed here and t h e  charged par- 
t i c l e  e f f e c t  w i l l  be only b r i e f l y  discussed. 

The charged p a r t i c l e  rad ia t ion  environment t h a t  the  s o l a r  c e l l s  
Will experience i s  assumed t o  consis t  primarily of s o l a r - f l a r e  protons. 
This assumption i s  based on t h e  information (Figure 4) provided by 
t h e  NASA-ARC solar f lare model. The flare p a r t i c l e  count i s  spec i f ied  
as 8 .5~1010 protons/cm2 - year, a t  energies g r e a t e r  than 20 mev and 
i so t ropic  at 1 AU ( s o l a r  f lare protons received i n  t h e  v i c i n i t y  of the  
Earth) .  Assuming t h a t  the  year ly  dose given i n  Figure 4 i s  the r e s u l t  
of continuous emission from t h e  Sun throughout t h e  year,  t h e  dose 
received by the s o l a r  c e l l s  a t  any given time as a funct ion of vehicle 
t r a j e c t o r y  i s  computed by applying t h e  1/R2 l a w  where R i s  the  Sun- 
probe dis tance i n  AU. Charged p a r t i c l e  f l u x  encountered f o r  each 
t r a j e c t o r y  was calculated and converted t o  a damage equivalent of 
normally incident 17.6 mev proton flux. Output c h a r a c t e r i s t i c s  of 
gallium-arsenide (air-mass-zero e f f ic iency  8.6%) and s i l i c o n  (a i r -  
mass-zero efficiency 10.5%) s o l a r  c e l l s  were calculated as functions 
of monoenergetic f l u x .  

*EAU - "astronomical uni t" ,  where one AU i s  defined as the  mean dis tance 
from the  Earth t o  the  Sun. 

+End-of-life assumed t o  be 6 months. 
++End-of-life assumed t o  be 12 months. 
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a t  t h e  day of launch. The s i l i c o n  array, because of charged p a r t i c l e  
i r r a d i a t i o n  damage t o  the so la r -ce l l s ,  has a minimum output a t  the end 
of the  mission (180 days). 

The use of a maximum power-point-tracker would supply a grea t ly  
increased power demand near perihelion, if  the  spacecraft  experiments 
or communications required an added number of watts a t  t h i s  time. Both 
the gallium-arsenide and s i l i c o n  arrays can f u l f i l l  the  mission power 
requirements although the gallium-arsenide a r r a y  can provide g r e a t e r  
power a t  the c loses t  Sun approach. 

Table 1 pnesents the a r ray  s i z e  (square f e e t  of ac t ive  s o l a r  c e l l  
a rea) ,  cost  oL s o l a r  c e l l s ,  weight of a r ray  and power avai lable  a t  per i -  
hel ion f o r  gallium-arsenide and s i l i c o n  solar-arrays , designed t o  provide 
a minimum of 55 w a t t s  of output power during the 180-day missior,. 

The weight of the a r ray  i s  based on the  values of 1.11 l b s / f t 2  f o r  
a s i l i c o n  ar ray  and 1.30 l b s / f t 2  f o r  a gallium-arsenide array. 
values represent a reasonably good design which has been achieved i n  
prac t ice  with a 0.9 packing fac tor .  
g lass ,  c e l l s ,  panel substrate ,  thermal emissive coating, e l e c t r i c a l  
components and mounting hardware a re  represented i n  the array weights. 

These 

A l l  a r ray  components including cover 

The cos t  of t h e  s o l a r  c e l l s  shown i n  Table 1 is  an estimate based 
on production quant i t ies  manufactured i n  1968. 

U s i n g  the  a r ray  power versus probe-Sun distance curve (Figure 6) ,  
the  t o t a l  a r ray  s i z e  and packing fac tor  were determined f o r  the spinning 
c y l i n d r i c a l  a r ray  f o r  Sun approaches of l e s s  than 0.4 AU. 
the  calculated s i l i c o n  and gallium-arsenide solar-array s izes  and packing 
f a c t o r s .  The gallium-arsenide c e l l s  may be used f o r  missions having a 
per ihe l ion  of 0.15 AU and s i l i c o n  c e l l s  f o r  Sun approaches as close as 
0.2 AU. 

Table 2 presents 

For the s i l i c o n  c e l l s ,  the operating temperature w a s  l imited t o  450% 
a t  a l l  calculated Sun approaches by varying t.he packing fac tor .  A t  t h i s  
operating temperature, the eff ic iency of the s i l i c o n  c e l l  i s  2%. Since 
t r a j e c t o r y  information w a s  not available f o r  Sun approaches c loser  than 
0.4 AU, charged-particle i r r a d i a t i o n  damage incurred beyond 0.4 AU w a s  
ne g l e  c +, 2 d . 
Solar-Array Parameters f o r  the  0.51AU Mission 

The O . 5 l A U  mission was assumed. t o  have a f l a t  panel s o l a r  c e l l  a r ray  
which i s  naintained normal t o  the Sun vector  during t h e  360-day design 
mission. 

T h i s  a r ray  or ien ta t ion  can be used t o  provide a m a x i m u m  power/array- 
area r a t i o  because a t  the c loses t  Sun approach of O . 5 l A U  the a r ray  operating 
temperature i s  only 4680~. A t  t h i s  temperature, both s i l i c o n  and gallium- 
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Thermal cont ro l  of t h e  s o l a r - c e l l  a r r ay  i s  required t o  maintain 
a r ray  constructed materials within an acceptable design temperature range, 
and t o  maintain a temperature range f o r  t he  s o l a r  c e l l s  which r e s u l t s  
i n  t h e  desired a r ray  power output f o r  t he  c lose r  Sun approaches, 

Solar-Array Parameters f o r  t he  0.4 AU Mission 

mi- - 
LUC vel-icle considered f o r  t he  0,4 All mission w&s spin-sta%Llized. 

The s o l a r - c e l l  array w a s  assumed t o  be cy l ind r i ca l  with c i r c u l a r  cross 
sec t ion .  ?%e spfn ax i s  of t he  spacecraft  is  coincident with the  cyl inder  
axis and is  perpendicular to t he  Sun vector during the  durat ion of t he  
mission (180 days) 
drical surface: are i n  good thermal contact with the  high-conductivity 
a r ray  subs t ra te  material, and are thermally insu la ted  from the  remainder 
of t he  spacecraft  s t ruc tu re .  
t o  be 0.95 and the  output power was calculated on t h e  b a s i s  of watts per  
square foo t  of ac t ive  c e l l  area. From t h e  proton energy-range r e l a t ion -  
sh ip  it i s  known t h a t  approximately nine mils of f ised s i l i c a  w ’ i l l  s t o p  
protons with energies below f i v e  rnev. This thickness of g l a s s  shtelding 
w a s  se lec ted  f o r  both the  s i l i c o n  and galllum-arsenide c e l l s  f o r  t h e  
four  missions under consideration because protons with energies below 
f i v e  mev cause a disproport ionately l a rge  mount of damage t o  t h e  s o l a r  
c e l l s .  

Solar  c e l l s  are mounted only on t h e  la teral  cy l in-  

The &/S r a t i o  of t h e  s o l a r  c e l l s  are assumed 

Both the s i l i c o n  and gallium-arsenide s o l a r  c e l l s  considered are 
one-by-two centimeters i n  area, twelve-mils t h i c k  and have nine m i l s  
of Corning 7940 fused - s i l i ca  cover g l a s s  f o r  i r r a d i a t i o n  p ra t ec t ion  and 
high thermal emissivity.  The charged p a r t i c l e  flux degrades the  s i l i c o n  
s o l a r  c e l l  about 20 percent during t h i s  six-month mission, bu t  does not 
a f f e c t  t he  gallium- arsenide power output 

The environment-degraded output dens i ty  f o r  gallium-arsenide and 
s i l i c o n  so lar  c e l l s  was calculated f o r  numerous poin ts  along the  t r a j e c -  
to ry .  The r e s u l t s  are p lo t t ed  i n  Figure 5. The two power p l o t s  represent 
the  output a t  the maximum power-point of t h e  s o l a r  c e l l  I - V  curves, In 
order t o  r ea l i ze  t h i s  power, a m a x i m u m  power-point t r a c k e r  c i r c u i t  would 
have t o  be used i n  t h e  power supply subsystem. The maximum power-point 
t r acke r  i s  a pulse-width-modulated device which allows t h e  power-condi- 
t i on ing  subsystem t o  u t i l i z e  m a x i m u m  power c a p a b i l i t y  of t he  so l a r - ce l l  
a r ray  by forcing t h e  subsystem t o  operate on t h a t  po in t  of the a r ray  autput 
cha rac t e r i s t i c  (I-V curve) which produces t h e  l a r g e s t  current-voltage 
product. Another f ea tu re  which may be incorporated i n  t h e  power supply 
subsystem allows operation from a poin t  on t h e  a r r ay  1 - V  curve which pro- 
duces j u s t  the amount of input power required t o  supply the  load demand 
and power supply lo s ses .  This fea ture  minimizes d i s s i p a t i o n  of unused 
power when the a r ray  capab i l i t y  exceeds t o t a l  pc)wer demand, a id ing  i n  
t he  reduction of system operating temperature , The solar-ct.1.l operating 
temperature as a function of days i n  t h e  t r a j e c t o r y  i s  a l s o  shown -En 
Figure 5. 

Inspection of t h e  power densi ty  curves shows t h a t  the gallium-arsenide 
a r ray  has its minimum power a t  the  g r e a t e s t  Sun-pyobe d is tance ,  which occurs 
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arsenide s o l a r  c e l l s  have a power output.  S i l icon  conversion e f f ic iency  
a t  t h i s  temperature i s  about one percent and gallium-arsenide e f f ic iency  
i s  about 3.5 percent.  

The same s o l a r  c e l l  E/;  r a t i o  (0.95),  packing f ac to r  (0 .9> ,  and cover 
g lass  thickness (9  m i l s )  as those of t h e  0.4 AU probe a re  spec i f ied  f o r  t h i s  
mission. 
by t h e  charged p a r t i c l e  f l u x  encountered over t h i s  one-year mission, while 
t h e  gallium-arsenide solar-cell power output w a s  not affected.  Thermal 
r ad ia t ion  from t h e  r e a r  s ide  of the s o l a r  panel w a s  assumed a t  an emissi- 
v i t y  of 0.88. 

The s i l i c o n  s o l a r - c e l l  power output was  degraded about 25 percent 

The power dens i ty  (watts per square foot  of ac t ive  s o l a r - c e l l  a rea)  
f o r  both s i l i c o n  and gallium-arsenide s o l a r - c e l l  versus days i n  the  t r a j e c -  
t o r y  i s  p lo t t ed  i n  Figx-e 7. 
versus t i m e  and t h e  power d e n s i t y  versus time f o r  a hybrid a r r ay  cons is t ing  
of a 70% quant i ty  of s i l i c o n  c e l l s  and a 30% quant i ty  of gallium-arsenide 
c e l l s .  A l l  t h r ee  power densi ty  curves represent  t he  maximum power output 
uI bIlc s l ~ a y  a d  w u d 3  requirt: LLK use UY a m i n b u m  power-poinx-wacKer t o  
r e a l i z e  t h i s  output.  

-Also shown a re  t h e  s o l a r - c e l l  tem2erature 

_ _  L ,  I -  

The ar ray  w a s  s ized t o  provide t h e  required output of 285 watts a t  the  
c - -^ - .^__ _- - .--- 
c, iiue iiiirilliiLUii output occurred . 

By combining both s i l i c o n  and gallium-arsenide so l .a r -ce l l s  i n  a hybrid 
array,  a f la t ter  curve can be obtained f o r  t he  avai lable  a r ray  power versus 
t i m e  data .  
t o  i n t eg ra t e  t h e  two contributions from t h e  hybrid material array.  

A more sophis t ica ted  power conditioning system would be required 

Table 3 represents  t h e  array s i z e  (square f e e t  of ac t ive  s o l a r  c e l l  
area), cos t  of s o l a r  c e l l s ,  weight of a r ray  and maximum ava i lab le  power 
a t  per ihe l ion  f o r  t he  s i l i con ,  gallium arsenide,  and hybrid arrays.  The 
d a t a  presented i n  t h i s  t a b l e  a r e  based on arrays designed t o  produce a 
minimum power output of 285 watts during the  l i f e  of t he  mission. Basis 
of weight and cos t  i s  the  same as f o r  t h e  0 .4  AU mission. 

Solar-Array Parameters f o r  the  0.291 AU Mission 

The 0.291 AU mission uses a f l a t  panel s o l a r - c e l l  a r ray  with nfne 
m i l s  of fused s i l i c a  cover g lass  shielding and a maximum power-point- 
t r acke r  i n  order t o  obtain m a x i m u m  ava i lab le  power from the  a r ray  f o r  
a 35O-day mission. 
s o l a r  c e l l s ,  with thermal emiss ion  from both s ides  of t he  s o l a r  c e l l  panel, 

A value of ; /E r a t i o  of 0.7 i s  spec i f ied  f o r  t he  

Charged-particle f l u x  i s  in su f f i c i en t  t o  degrade the  shielded gallium- 
arsenide c e l l  power output, but  the srilicon s o l a r  c e l l  degrades about 30% 
during t h i s  one-year mission. 

Figure 8 shows t h e  gallium-arsenide and s i l i c o n  s o l a r - c e l l  a r ray  
power dens i ty  versus days i n  t h e  0.291 AU t r a j ec to ry .  These t;w3 ci*rves 
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represent t h e  power output of a normally-oriented a r ray  without t he  
employment of a temperature cont ro l  technique. The a r ray  operating 
temperature versus t i m e  i n  t he  t r a j e c t o r y  i s  a l so  shown. 

Based on the s o l a r - c e l l  output power ca lcu la t ions  the  power densi ty  
p lo t s  show t h a t  t h e  gallium-arsenide a r r ay  can readi ly  supply the  285 
w a t t  mission power requirement with normal solar-panel  o r i en ta t ion ,  but  
the high temperature a t  the  near-Sm approaches causes the  s i l i c o n  c e l l  
e f f i c i ency  t o  drop t o  zero. The simplest  technique which w i l l  reduce 
the  a r ray  temperature s u f f i c i e n t l y  t o  allow s i l i c o n  s o l a r  c e l l s  t o  operate 
durigg the  en t i r e  mission i s  t i l t i n g  the  so l a r  panel with respect  t o  the  
Sur, vector.  
Sun vector,  the  s i l i c o n  a r r ay  w i l l  produce a minimum of 8.5 w a t t s  per  
square foo t  of act ive s o l a r - c e l l  area.  

With a n  angle of 60 degrees between the a r ray  normal and the  

Table 4 presents the a r ray  cha rac t e r i s t i c s  ca lcu la ted  f o r  the  0.291 
AU mission. The gallium-arsenide a r r ay  maintains normal o r i en ta t  ion 
throughout t he  mission. I ts  s i z e  i s  determined by i t s  minimum power 
output, which occurs a t  t h e  time of launch. 
incidence angle of 60 degrees throughout the  mission. 
consis t ing of a 50% quant i ty  of gallium-arsenide c e l l s  and a 50% quant i ty  
of s i l i c o n  c e l l s  w i l l  provide the  required 285 watts with normal o r i en ta t ion  
and the  l e a s t  array s i z e  and weight. A packing f a c t o r  of 0.9 was assumed 
f o r  each array.  
f o r  the s i l i c o n  and gallium-arsenide arrays,  respect ively.  So la r - ce l l  
cos t s  a re  based on the  estimates used f o r  the mission previously described. 

The s i l i c o n  ar ray  has an 
A hybrid a r ray  

The a r r ay  weights a re  1.1 and 1.30 pounds per  square foot  

Solar-Arrav Parameters f o r  the  0.09 AU Mission 

The 0.09 AU mission encounters t h e  most severe environmental f a c t o r s  
of the  four  missions considered here. Because of t he  close Sun approach 
(0.09 AU), the  operating temperature of the  f l a t  panel a r r ay  i s  so high 
t h a t  a r r ay  cooling techniques must be used f o r  t h e  gallium-arsenide s o l a r  
c e l l s .  
S i l i con  s o l a r  c e l l s  cannot be used f o r  t h i s  mission because even with tem- 
perature  control  mechanisms which l i m i t  the  temperature t o  5OOOK, the  s i l i c o n  
s o l a r - c e l l  e f f ic iency  i s  completely destroyed. U s i n g  these temperature 
cont ro l  mechanisms, a 285 watt  minimum power output f o r  a 350-day mission 
can be accomplished. 

These array cooling techniques l i m i t  the  c e l l  temperatures t o  5C)OOK. 

I Temperature Control Mechanism f o r  t he  0.09 AU Mission 

Thermal Control by T i l t i n g  the  Solar-Array with Respect t o  the  Sun 
Vector. Figure 3 i l l u s t r a t e s  t h e  thermal ana lys i s  model of a f l a t  a r r ay  
which can be t i l t e d  with respect  t o  the Sun, 
as  the  angle between the  panel normal and the  Sun vector .  
t i o n s  were performed varying t h e  following two parameters. 

The tilt angle ( e )  i s  defined 
Thermal calcula-  

. T i l t  angle 

. AU from Sun ( o r  number of s o l a r  cons tan ts )  
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The ( E / ; )  value selected w a s  0.7 as representat ive of a narrow band- 
pass blue-red f i l t e r e d  c e l l .  

Figure 9 shows array temperature as a function of number of s o l a r  
constants.  Figure 10 shows array power output per u n i t  c e l l  area as a 
function of number of s o l a r  constants. The temperature curve ind ica tes  
t h a t  as the  tilt angle increases,  t h e  temperature decreases; the  most 
s ign i f icant  reductions r e s u l t  for tilt angles of 60° and greater .  'The 
power output curves indicate  t h a t  as t h e  tilt angle i s  increased, the 
power output i s  reduced i n  the range of 1 t o  10 s o l a r  constants.  Above 
10 s o l a r  constants and over specif ic  ranges of tilt angle, power output 
increases as the  tilt angle increases. It should be noted t h a t  these 
power values, which a r e  based on Is, being cos 0 dependent, are opt imist ic  
a t  the higher tilt angles s ince re f lec t ion  may lower the  power output t o  
zero at 8 ", 850 depending on f i l t e r  charac te r i s t ics .  

Thermal Control Using a Deployable Sun Shield. Figure 11 i l l u s t r a t e s  
the  thermal analysis  model of t h e  Sun-shield configuration. The system 
cons is t s  of a fixed-gosit ion s o l a r - c e l l  array normally oriented to- the 
Sun, and a multi layer,  meta l l ic - fo i l  Sun-shield which can be deployed 
p a r a l l e l  t o  the  array when required. The Sun-shield i s  composed of "n" 
layers  of t h i n  metal l ic  f o i l  (such as ti tanium t o  withstand the  high 
temperature appl icat ion)  which are physically separated t o  produce the 
insu la t ion  e f f e c t  desired.  The shield i s  perforated with a regular  hole 
pa t te rn  t h a t  permits a f ixed percentage of s o l a r  energy t o  be passed 
t o  the  solar-arrqr .  Near uniform il lumination of the  array a t  reduced 
s o l a r  i n t e n s i t y  i s  achieved by proper re la t ionship  of the hole s i z e  and 
spacing, and by displacement distance of t h e  deployed sh ie ld  from the 
array.  

The Sun-shield remains i n  the stowed posi t ion u n t i l  the  power output 
of t h e  Sun-oriented array begins t o  drop due t o  the increasing temperature 
a t  higher s o l a r  constants ( r e f e r  t o  Figure 12; Figure 12 ind ica tes  a de- 
ployment i n t e n s i t y  of 8.4 s o l a r  constants f o r  a selected design point of 
y ~ u - n l .  
the  e f fec t ive  a r ray  power output per s o l a r  c e l l  area for the  deployed 
s h i e l d  configuration. A s e r i e s  of curves a re  displayed which a re  functions 
of:  (1) configuration f a c t o r  (TJ) between array and Sun-shield, ( 2 )  number 
of Sun-shield f o i l  l ayers  ( n ) ,  and (3)  percentage of Sun-shield hole area 
which passes s o l a r  energy t o  t h e  array. 
as t h e  percentage of thermal energy leaving the  a r ray  t h a t  s t r i k e s  the  
Sun-shield. 

-,.,.T)rr\ A t  Ynis time, the  sh ie id  i s  deployed p a r a l l e l  t o  t h e  panel and 

Configuration f a c t o r  i s  defined 

The general  trends of the temperature and power output curves a re  as 
follows : 

e Temperature decreases and power output increases as the  Sun-shield/ 
a r ray  spacing dis tance i s  increased ( d e c r e a s b g  9). 
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. Temperature decreases and power output increases as the  number of 
Ten sh ie ld  layers  produce nearly Sun-shield layers  ( n )  increase a 

t he  same r e s u l t s  as an i n f i n i t e  number of shields .  

e A s  t he  percentage of hole area i n  the  sh ie ld  i s  increased, more 
power output i s  produced -.zp t o  approximately 40 s o l a r  constants.  
For so la r  constant values higher than 40, t he  higher percentage 
hole case produces less power output.. 

Decreasing q i s  more effecti.ve than increasing n. 

The deploying sh ie ld  design has severa l  advantages over t he  t i l t i n g  
One s igni f icant  advantage i s  t h e  elimination of t he  angle a r ray  design. 

of incidence problem,all thermal ca lcu la t ions  being performed f o r  normally- 
or iented surfaces However, ana ly t i ca l  and experimental invest igat ions 
of Sun-shield hole design would be required t o  insure t h a t  t he  proper 
i l luminat ion l e v e l  i s  achieved a t  t h e  array,  and t h a t  no intense s o l a r  
spot t ing  r e su l t s .  A t  high solar-constant values, pa t te rns  of br ight  spots  
and shadows may produce undesirable thermal gradients  on the  a r ray .  Over- 
lapping of t he  incident  so l a r  energy from the  s h i e l d ' s  holes i s  desired 
t o  produce approximate uniform il lumination. The increasing decollimation 
of t h e  Sun's rays at  increasing s o l a r  constant posi t ions helps obtain 
uniformity r e l a t i v e  t o  the  hole s i z e  and thermal gradients  through t h e  
s tack  of shields  does not cause s ign i f i can t  misalignment. 

Thermal  Control Using Hybrid System of Array T i l t i n g  & Cylindrical  
Mirror. From both power output and thermal considerations,  t he  method of 
t i l t i n g  the  so la r  array off-normal f o r  near-Sun missions i s  very good. 
However, as the angle between the  a r ray  normal and the  Sun vector approaches 
goo (as would be required f o r  thermal cont ro l  during very near-Sun missions) 
other  pmblems w i l l  occur. The power output cha rac t e r i s t i c s  of s o l a r  
c e l l s  a t  grazing Sun angles i s  not w e l l  known and the  appropriate experi-  
m e n t a l  programs would be extremely d i f f i c u l t  t o  perform. Therefore, a 
p r a c t i c a l  approach might well  be a hybrid system incorporating the  bene- 
f i t s  of an angular tilt system and a r e f l e c t i v e  system. Since the  char: 
a c t e r t s t i c s  of so l a r  c e l l s  a re  well  known at grazing angles of up t o  6o0 
i t  would be advantageous t o  have the  a r ray  operate a t  normal or ien ta t ion  
a t  1 s o l a r  constant, t i l t i n g  off  t o  a n  angle of 600 at some chosen point ,  
and then f i l l y  t i l t i n g  and receiving r e f l ec t ed  s o l a r  energy beyond t h i s  
point.  

The power output p l o t  of t h i s  system is  shown i n  Figure 15 .  

E i ther  of t he  above three  methods of a r r ay  temperature cont ro l  could 
be used f o r  the gallium-arsenide O.09-AU ar ray .  

The charged-particle f lux  encountered by the  vehicle  on the  O.Og-AU 
mission i s  grea te r  than t h a t  encountered on any of t he  other  th ree  probe 
t r a j e c t o r i e s ,  but s t i l l  not enough t o  degrade the  performance of a gallium- 
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arsenide s o l a r  c e l l  with 9 m i l s  of fused - s i l i ca  cover-glass shielding.  

Assuming an ;/E r a t i o  of 0.7 for t he  a r ray  (which should be a 
p r a c t i c s l  value by the  t i m e  of a O.Og-AU probe launch) and a packing 
f a c t o r  of 0.9, t he  s i z e  of t he  array t o  supply 285 watts was determined. 
Using the  array-tilting/cylindrical mirror method of temperature cont ro l  
described previously, it can be seen from Figure 16 t h a t  the  minimum 
ar ray  output-power densi ty  occurs a t  the  g rea t e s t  pro5e-Sun dis tance 
(day 140). 
ac t ive  c e l l  area. 
s i z e  of 28.3 square f e e t .  

The minimum power densi ty  of 11.2 w a t t s  per square foot  of 
The packing fac tor  of 0.9 then def ines  a t o t a l  a r r ay  

A t  per ihel ion,  t he  a r ray  has reached a m a x i m u m  operating temperature 
of approximately 543% and w i l l  supply 558 watts of output power. 
with the other  th ree  solar-probe missions, a maximum power-point t racker  
would be used t o  obtain the  predicted power. 

A s  

Array operating temperature and ar ray  output-power densi ty  a re  
p lo t t ed  as a runctlon of ~ ; k e  i l l  lile nn &--- z--+---- ;n 73: r n i ~ ~ p  .uy-nu ~ S W J L L " " L , y  L I L  DI ' -  IC;. 
Table 5 presents  t h e  gallium-arsenide parameters for a minimum outpdt 
of 285 watts during the  350-day mission. 
arsenide s o l a r  c e l l s  used f o r  t h i s  mission i s  based on 1970 production. 
Array weight assumes a packing factor.  of 0.9 and 1.30 pcunds per f t 2  of 
t o t a l  a r ray  area.  

The cost  of t he  gallium- 

Summary of Array Parameters f o r  t he  Four Solar Missions 

A comparison of t h e  r e l a t i v e  merits of a s i l i c o n  and 4 gallium 
arsenide s o l a r - c e l l  a r ray  
discussed i n  t h i s  repor t  i s  presented i n  Table 6. A hybrid array 
cons is t ing  of both gallium-arsenide a r rays  f o r  t he  0.51 and 0.291 
AU missions; advantages of t h i s  type a r r ay  are negl igible  f o r  t he  0.4 
AU-mission and s i l i c o n  solar c e l l s  w i l l  not produce power during 
the ==tire O,OS)-AU mission. 

for the four  Pioneer solar-probe missions 

The ar ray  c h a r a c t e r i s t i c s  presented i n  Table 6 are per ihel ion 
power output, a r r ay  power density,  a r ray  power-to-weight r a t i o ,  and 
s o l a r  c e l l  cost-per-watt r a t i o .  

The per ihe l ion  power output is the  predicted maximum avai lable  
a r r ay  power output. For every array considered, t h i s  power output i s  
g rea t e r  than the  design power of 55 w a t t s  f o r  t he  0.4-AU mission and 
285 watts f o r  t h e  0.5, 0.291, and O.Og-AU mission. 

The a r r ay  power densi ty  i s  defined as watts of a r ray  output per 
square foot  of ac t ive  s o l a r - c e l l  area. The values of power dens i ty  
shown i n  Table 6 a re  those calculated for t he  point i n  each t r a j e c t o r y  
when the  s o l a r  a r ray  odtput i s  minimum. 

Array power-to-weight ra t io  is  defined as watts of a r ray  oxtput 
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per  pbund of array weight. 
t h e  mission ( e i t h e r  55 or 285 w a t t s ) .  
of the a r ray  including panel substrate ,  wiring, blocking diodes, 
shielding and bonding components, s o l a r - c e l l s  and contacts,  thermal 
coatings and supporting hardware. The weight of thermal control  
equipment (where applicable) i s  not imluded.  

The array power i s  t h a t  power required by 
Array weight i s  t h e  t o t a l  weight 

The solar c e l l  cost-per-watt r a t i o  i s  defined as the  estimated 
cos t  of the  bare-solar-cel ls  purchased i n  production quant i t ies  i n  
1968,, per watt of array power output, based on e i t h e r  55 or 285 w a t t s  
of array power. C o s t  of c e l l s  f o r  the 0.09-AU mission is  based on an 
estimate f o r  1970 production. 

Each. array compared i n  t h e  t a b l e  cons is t s  of 1 by 2 centimeter 
s o l a r  c e l l s ,  1 2 - m i l s  th ick ,  having 9 m i l s  of fused-s i l ica  cover-glass 
shielding. Efficiency of the s i l i c o n  c e l l s  i s  10.5 percent f o r  a 
cover-glassed, module-assembled c e l l  a t  303% air-mass-zero conditions. 
Efficiency of the gallium-arsenide c e l l s  i s  8.6 percent for a cover- 
glassed c e l l  at 303 K air-mass-zero conditions. The a r ray  packing 
fac tor ,  defined as the  r a t i o  of t o t a l  ac t ive  s o l a r  c e l l  area t o  t o t a l  
a r ray  area,  i s  0.9 f o r  each ar ray  i n  Table 6. 

0 

Conclusions 

The r e s u l t s  show t h a t  
f o r  solar-probe missions. 

a s o l a r - c e l l  array i s  a f e a s i b l e  power source 
The most severe environmental cons t ra in ts  

imposed by t h e  four missions considered w i l l  be t h e  high temperature 
induced by proximity t o  t h e  Sun. As high temperatures decrease so la r -  
c e l l  output, a thermal control  system must be used f o r  s i l i c o n  s o l a r - c e l l  
arrays a t  the  O.29l-AU perihel ion and gallium-arsenide s o l a r - c e l l  arrays 
at the  O.Og-AU perihellon. Because of the g r e a t e r  temperature s e n s i t i v i t y  
of s i l i c o n  so lar -ce l l s ,  t h e i r  use i s  precluded f o r  t h e  O.Og-AU mission. 
Indications a r e  t h a t  gallium-arsenide s o l a r - c e l l s ,  using s u i t a b l e  tempera- 
t u r e  control  techniques, w i l l  be a p r a c t i c d  pcwer s m r c e  f o r  missions 
with s o l a r  approach dis tances  down t o  O,O7-AU. Closer approaches W i l l  
be feas ib le  only i f  area, weight, or cost  can be decreased. 
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Table 1 

SILICON AND GALLIUM-ARSENIDE SOLAR-CELL ARwlY PARAMETERS 
FOR MINIMUM OUTPUT OF 55 WATTS DURING 0.4 AU MISSION 

Solar- Cell Perihelion Active Cel l  Area Array 
Efficiency Power on Cyl. Array Cost of Solar  Weight 

A i r - m a s s -  zero (watts) ( ft2 1 Cells - 1968 (lbs) 
~~ ~ 

S i  10.576 86 12.8 $29,700 14.2 

GaAs 8.6% 140 13.8 $64, ooo 17.9 

Table 2 

ARRAY AREA AS A FUNCTION OF CLOSEST SUN APPROACHES FOR 
GUIUM-mSENIDE AND SILICON SOLAR- CELL SPINNING CYLINDRICAL 
AEEAYS 

Active C 11 Total A r  ay 

(A@ GaAs S i  GaAs S i  GaAs S i  
Closets Sun Approach Packing Factor Area ( f t  9 ) Area (fi 5 ) 

0.4 0.9 0.9 13.75 12.75 15.3 14.2 

0.25 0.8 0.25 13.75 12.75 17.2 51.0 
0.2 0.5 0.1 13.75 12.75 27.5 127.5 
0.15 0.2 --- 13.75 ----- 68.8 ---- 

0.3 0.9 0.5 13-75 12.75 15.3 25.5 

Table 3 
SILICON, 
PARAMETERS FOR MINIMUM O U T P U T  OF 285 WATTS DURING 0.51 AU 
MISSION 

GALLIUM-ARSENIDE, AND HYBRID SOLAR-CELL ARRAY 

Array 
Per i he 1 ion Active C e l l  Area Cost of  Solar Weight 
Power ( w a t t s )  on Array ( f t 2 )  Cells - 1968 (lbs) 

S i l i c o n  Array 302 

G a A s  Array 5 35 

Hybrid Array 357 
(70% Si- 
30% G a A s )  

~ - 

39.6 $92 , 000 51.5 

28.5 $132, ooo 41 

31.. 7 $96,000 40.9 

E-5-11 



PIC-SOL 209/6.2 

Table 4 

SILICON, GALLIUM-ARSENIDE, AID HYBRID SOLAR-CELL ARRAY PARAMETERS 
FOR MZNlMUM O L T L T  OF 285 WATTS DURING 0.291 AU MISSION 

Perihel ion Active C e l l  Area Array 
Power on Array Cost of Solar Weight 

( w a t t s  j ( ft2 ) Cells  - 1968 (1bs) 

Si.l.icon Array **- 600 33.5 $78, ooo+ 41.3 

GaAs Array +++e+ 665 2706 $129,000 40 

Eybrid Array %-%x 328 27.2 $95 7 000 36.5 

9 Array Weight for Packing Factor equals 0.9 

** Incidence Angle ( 8 )  + 60' 

Normal Orientation with Respect t o  Sun Vector 

Off-Angle Panel Orientat ion Mechanism Cost, Not Included + 

Table 5 

GALLTLN-ARSENIDE SOLAR-CELL ARRfiY PARCIMEmRS FOR 
MINIMljM Ol l lYUT OF 285 WATT'S DURING 0.09-AU MISSION 

Periheli.on Active Cell Area Array 
Power on 9 r a y  Cost of Solar  Weight 

( w a t t s )  ( f t  1 Cells  - 1970 

SI  Array (Environment too  Severe for Si l i con)  
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SPIN AXIS 

p :  S O L I R  CELL AREA T TOTAL IRRAY AREA 

4 

SUN VECTOR 
PERPENDICULIR 
TO SPIN A X l S  

LOW ABSORPTIVITV - 
nIGM EYlSSlVlTV FINISM 

. O N  S O L I R  ILLUMINATED 
SURFLCE NOT COVERED 
01 SDL4R CELLS 
E:D40 C = O S 3  

Figure 2.-  Thermal ana lys i s  model of spinning c y l i n d r i c a l  a r r ay .  

I S O T H E R M A L  A R R A Y  ' O R M A L k  

T I L T  
A N G L E  \ 

F R O N T  S U R F A C E  Z O L A R  C E L L  
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ARRAY AREA 

R E A R  S U R F A C E  ( f l N I S H E 0  W I T H  B L A C K  P A I N T I  

9 ~ 0 9 3  
€ : 0 9 3  

I N A C T I V E  S U R F A C E  

Q =  0 B e  
~ = O Z S  

Figure 3 . -  'Thermal ana lys i s  model of flat array w i t h  one axes 
r o t a t i o n a l  with respecst to Sun vector. 
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Figure 4.- Omnidirectional solar proton environment in the vicinity 
of the Earth. 
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Figure 5.- Maximum power output of silicon and gallium-arsenide solar 
cells versus orbit time for 0.4 AU extended Pioneer trajectory. 
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Figure 6 .  - Array power output f o r  gall ium-arsenide c e l l s  as a func t ion  
of s o l a r  i n t e n s i t y  and packing f r a c t i o n  ( 8 )  on a spinning c y l i n d r i c d  
a r ray .  
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Figure 8.- Maximm power output of silicon and gallium-arsenide solar 
cells versus orbit time fo r  O.29l-AU advanced Pioneer trajectory. 

. 

Figure 9.- Array temperature as a function of tilt angle (0) and solar 
intensity for gallium-arsenide cells, (E/E)cell = 0.7 .  
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Figure 10.- Array power output as a func t ion  of tilt angle and solar 
i n t e n s i t y  for gal l ium arsen-ide c e l l s ,  (E /T )  = 0.7. 
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Figure 11.- Thermal ana lys i s  model of f l a t  a r r a y  w i t h  deployable, 
i n t e n s i  ty-reducing Sun-shield.  
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Figure 12.- Array power output as a function of tilt angle and solar 
intensity for gallium-arsenide cells, ( E / E )  = 1.1. 

Figure 13. - Array temperature for gallium-arsenide cells as function 
of solar intensity, configuration factor and number of shield 
layers (eight-percent shield-hole area). 
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Figure 14 . -  Array power output f o r  gall ium-arsenide c e l l s  as a func t ion  of 
s o l a r  i n t ens i ty ,  configurat ion f a c t o r ,  and number of s h i e l d  l a y e r s  
(e ight-percent  shield-hole  a r e a ) .  
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Figure 15.- Array power output  for  hybr id  g d l i m - a r s e n i d e  c e l l  system 
as a funct ion O f  s o l a r  i n t e n s i t y  and a r r a y  tilt angle  (E/F),,11 = 0.7.  
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Figure 16.- Maximum power output of silicon and gallium-arsenide solar 
cells versus orbit time f o r  O.09-AU advanced Pioneer trajectory. 
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Discuss ion  

Voice (unident i f ied) :  
incidence, and the da ta  t h a t  you were questioning. Although t h e  angles 
which are shown are probably incorrect ,  t hey 'd  have t o  be s t re tched  out, 
t he  ac tua l  thermal da t a  i s  probably f a i r l y  c lose.  

Just a minor point  on the  question of angle of 

Foster :  We have f i l t e r s  on the  c e l l s ,  and t h e  angle problems I a m  concerned 
with a re  re la ted  t o  the  f i l t e r s .  

Voice: The absorption of energy, however, i s  a l s o  less,  and therefore  t h e  
heating would be less.  

Foster :  It might work out.  

Brandhorst - NASA-Lewis: Did you assume i n  t h e  ca lcu la t ion  t h a t  your short-  
c i r c u i t  current  of the c e l l s  would increase monotonically as a function of 
your s o l a r  constant increase? 

Foster:  I ' l l  r e f e r  t h a t  t o  RCA. 

Winkler - RCA: L e t  me answer t h a t  t h i s  way. We d id  the  following. W e  
s t a r t e d  of f  by looking a t  t he  series res i s tance  e f f e c t s  on t h e  nonl inear i ty  
of shor t -c i rcu i t  current  with i l lumination, and then we looked a t  t h e  kind 
of d a t a  t h a t  was avai lable ,  i n  gallium arsenide pa r t i cu la r ly ,  as w e l l  as 
s i l i c o n .  We then decided t o  rnschanize t h e  program, i n  which we assumed 
l i n e a r i t y  but  penalized the  c e l l  by not assuming t h e  normal l i n e a r  r ise of 
the  diode cha rac t e r i s t i c  as t h e  sho r t - c i r cu i t  current  increments are applied.  
We calculated t h e  two e f f e c t s  and they appeared t o  be comparable. Essen- 
t i a l l y ,  f o r  ease of performing the f irst  parametric ca lcu la t ions  shown here ,  
we d i d  not allow t h e  sho r t - c i r cu i t  current  t o  saturate.  However, I should 
point  out t h a t  the maximum normal i l luminat ion we're t a l k i n g  about i s  i n  
t h e  order of a l i t t l e  over 10 suns, and r e a l l y ,  t h e  nonl inear i ty  with care- 
f u l  cont ro l  of se r ies  res i s tance  i s  not bad up t o  those l e v e l s .  

Mann - Spectrolab: 
ac tua l ly ,  you made these measurements with m a x i m u m  power, d id  you not? 

You're t a lk ing  about the  e f f ec t  on shor t - c i r cu i t  current ;  

Winkler - RCA: Yes, we d id .  

Mann: You assume t h a t  the numbers cancelled a t  10 suns? 

Winkler: 
and s o  on. W e  have taken t h i s  curve and r a t h e r  than  r a i s i n g  t h e  d.iode char- 
a c t e r i s t i c  uniformly as YOU should do and then subt rac t ing  t h e  series resis- 
tance e f fec t ,  we assumed t h a t  t h i s  was a r a t i o  f ac to r  f o r  s impl i c i ty  i n  t h e  
cmputa t ions .  
If we allow t h e  shor t -c i rcu i t  current  t o  rise, we wind up with a curve l i k e  
this .  
ing both in tens i ty  and temperature, we got an e r r o r  t h a t  was qui te  small. 

- 
Let me show YOU what I d id .  These curves are f o r  2, 4, 6 ,  8 suns 

This wound UP wLth something which w a s  reasonably cor rec t  I 

Essent ia l ly ,  a t  the extremes and at  the m a x i m u m  power points ,  consider- 

Mann: I don ' t agree. 
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Abstract 

A survey of power systems avai lable  t o  spacecraft  designers i n  
the next f ive  years emphasizes the d e s i r a b i l i t y  of extending the 
space proven s i l i c o n  so lar  c e l l  i n t o  the multikilowatt range. 
purpose of t h i s  paper i s  t o  review some recent so la r  c e l l  a r ray  de- 
signs f o r  both spinning s a t e l l i t e s  and or iented planar arrays.  The 
basic  design i s  outlined, calculated performance data  a re  l i s t e d ,  
the advantages and disadvantages a re  discussed, and the present 
s t a t u s  o f  development i s  described. 

The 

Several  d i f f e r e n t  configurations f o r  spinning s a t e l l i t e s  a re  
described with the associated range of spec i f ic  power from 9.2 t o  
5 . 1  wat,ts/pound and the packaging f a c t o r  range from 383 t o  61 watts/ 
cubic f o o t .  
described, the component v e r i f i c a t i o n  t e s t s  such as temperature 
shock and load def lect ion are described, and the preliminary ca l -  
culat ions of ari-ay performance of 26 watts/pound a r e  detai led.  

A conceptual design f o r  an or iented planar a r ray  i s  



PIC-SOL 209/6.2 

Governing Parameters and Assumptions 

The following are  some basic  parameters and assumptions t h a t  
formulated the bas i s  of the design study: 

1. The s a t e l l i t e  s h a l l  be cy l indr ica l ,  36 inches i n  diameter 
and 24 inches long, and i n  an equator ia l  e a r t h  o r b i t  a t  
600 n.mi. 

2 .  The deployment mechanism s h a l l  be capable of maintaining 
a r i g i d  configuration i n  the e a r t h ' s  g rav i t a t iona l  f i e l d .  

3. The a r r ay  s h a l l  be capable of pos i t ive  deployment and of 
maintaining dimensional i n t e g r i t y  while a t tached t o  the 
body of a spacecraf t  spinning a t  an i n i t i a l  rate (before 

. deployment) of 80 t o  160 rpm and a f i n a l  r a t e  ( a f t e r  de- 
ployment) of 20 t o  40 rDm.  

4 .  The deployment mechanism, wiring interconnections,  and . 
so lar  c e l l s  with attached 6 m i l  g l a s s  s l i p s  s h a l l  be in-  

' cluded i n  the t o t a l  weight. 

5.  The deployment mechanism s h a l l  be capable of r e l i a b l e  op- 
e ra t ion  i n  the hard vacuum of space. 

6. The packaged ar ray  s h a l l  be  capable of withstanding shock, 
v ibra t ion ,  and accelerat ions such a s  might be experienced 
by ar rays  during launch. 

A t yp ica l  v ibra t ion  schedule and input accelerat ions a t  the 
spacecraf t  i n t e r f ace  w i l l  be as  follows: 

a. Sinusoidal t e s t s :  

Frequency, 
CPS 

5 t o  50 
50 t o  500 

500 t o  2000 
2000 t.0 3000 
3000 t o  5000 

Acceleration, g 
Thrust Transverse 
Axis, z Axis, x and y 

2.3 0.9 
10.7 2 . 1  
21.0 4.2 
54.0 17.0 
21.0 17.0 

Constant sweep r a t e  of 2 octaves per minute. 

E-6-2 
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F E X N T  DEVELGPMENTS Dl U R G E  AREA SOLAR CELL ARBAYS 

Kenneth A .  R.ap 
Hughes Ai rc ra f t  Company 

Introduction 

There e x i s t s  today a need f o r  a compact, l ightweight space power 
source capable of providing hundreds of wat t s  t o  ki lowatts  of e lec-  
t r i c a l  power that  can be launched and deployed i n  a simple, r e l i a -  
b l e  manner. Solar c e l l s  have been used i n  many space missions and 
have demonstrated long l i f e  (with adequate pro tec t ion)  and a high 
degree of r e l i a b i l i t y .  
ment of large so l a r  c e l l  a r rays  have been a r e s t r i c t i n g  design problem. 

However, up t o  now the packaging and deploy- 

This paper summarizes some recent  work d i r ec t ed  toward the re-  
search and development of deployable large area arrays.  The discussion 
i s  organized i n  two sect ions,  one concerning work done on spinning 
s a t e l l i t e  appl icat ions which was supported by NASA, Goddard Space 
F l i g h t  Center, Contract No. NAS 5-3989; and a sec t ion  on or iented 
a r rays  cur ren t ly  under support by A i r  Force Aero Propulsion Labora- 
to ry ,  Contract NO.  AF 33(615)-2750. 

Spinning Sa t  e lli t e  Application s1 

Study Approach 

A t  the  s t a r t  of the program, out l ine  drawings and descr ip t ions  
of 14 d i f f e ren t  systems were prepared. 
the so la r  panels i n  the optimum manner f o r  each ind iv idua l  system. 
Of the 14 systems shown on Figure 1, s i x  were se lec ted  f o r  f u r t h e r  
study. An addi t ional  system was subsequently added. Deployment 
systems were eliminated by considering the r e l a t i v e  complexity of 
the deployment mechanism, the d i f f i c u l t y  i n  achieving and maintaining 
the required r i g i d i t y ,  and the  amount of s a t e l l i t e  surface masked 
by the deployed ar ray .  Layout, drawings were prepared f o r  the seven 
systems. 
systems, an e f f o r t  was made t o  keep tk,e deployed area spproximste1.y 
the same fo r  each system. Two of the syrfems (1, and 6 )  s r e  l imi ted  
i n  s i ze  due t o  t h e i r  geometry and therpfor r  t h e i r  deployed *rea i s  
small?r.  Of' the  seven systems, foar  (1, 2 ,  3 ,  and 4) have f l e x i b l e  
subs t ra tes  and three ( 5 ,  6 ,  and 7 )  a r r  of conventional aluminum 
honeyccmb type construct ion.  Due t o  t h e i r  advantage i n  weight, stowed 
volume, and  grnwth po ten t i a l ,  the  f o u r  fkxib1.e  systems were se l ec t ed  
f o r  de ta i led  study. 

It was decided t o  package 

Tn order t o  make Y v a l i d  comparison of the  seven candidate 

+Senior Stdff Enginezr, Space Systems ?divist.cn, Hughes A i r c r a f t  Company, 
E l  Segundc, :a1 i f  ornia  

E-6-1 
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describe the 14 d i f f e r e n t  concepts t h a t  were considered. From t h i s  
the seven systems selected f o r  study i n  more depth a r e  a s  follows: 

1 

2 

3 

4 

Drum stowed concept - derived from 
concept No. 9 

Three f l e x i b l e  panels body stowed - 
concept No, 11 

Three panel common drum stowed - 
derived from concept No. 9 

Tri-nodal configuration - var i a t ion  of 
concept No. 6 

6 Rigid curved foldout  panels (an added 
concept t o  Figure 1) 

7 Rigid telescoping panels - concept No. 12 

The f i r s t  four  systems were studied i n  more d e t a i l  since they 

volume configuration, good r e l i a b i l i t y ,  and favorable growth po ten t i a l .  
I I L L V l l b U  chnr.rni! +ha " L l b  most faTvrorable po$Ter-to-weigkt r a t i o ,  a faTrorablp s t ~ p ~ e d  

Comparison Chart 

The object ive of the  study i s  t o  give ca re fu l  consideration t o  
any deployment system showing promise f o r  appl ica t ion  t o  spinning 
s a t e l l i t e s .  This consideration should be s u f f i c i e n t l y  de t a i l ed  so 
t h a t  the  parameters of each system could be evaluated separately.  
This  i s  e spec ia l ly  desirable  since no spec i f ic  mission was assigned 
t o  t he  study. 
t o  be the  most e f f i c i e n t  and sa t i s f ac to ry  manner i n  which t o  l i s t  
t.he important parameters of each system studied. A de f in i t i on  of 
the headings follows : 

The system comparison char t ,  (Figure 2 )  was considered 

1. System descr ip t ion  - self-explanatory 

2 .  Dimensions and cubic f ee t  - The dimensions a re  given f o r  the  
deployed configuration and the volume i s  calculated f o r  the 
s tored condition. 

E-6-4 
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b.  R.andom t e s t  (each ax i s ) :  

7. 

8. 

9- 

10. 

11. 

12. 

13 * 

Amplitude, Duration, 
g r m s  minute s 

20 t o  2000 0.07 11.5 4.0 

F r e  que ne y 
Range, cps 

c .  The above v ibra t ion  l eve l s  a r e  typ ica l  inputs  t o  the 
spacecraf t  and a re  not necessar i ly  the  l eve l s  of accelera-  
t i o n  t h a t  the so l a r  c e l l  assemblies w i l l  experience 
while mounted t o  the spacecraf t .  The a c t u a l  l e v e l  of 
acce lera t ion  i s  a funct ion of the spacecraf t  s t r u c t u r a l  
response a s  wel l  a s  input  acce lera t ion .  
ind ica tes  t h a t  amplif icat ions of approximately 4 t o  1 
a re  possible  within a frequency range of 50 t o  200 cps. 

Pas t  experience 

All mater ia l s  s h a l l  be nonmagnetic. 

Materials s h a l l  be capable of withstanding humidity (up t o  
95 percent IM a t  30°C f o r  24 hours) .  

The packaged ar rays  s h a l l  be capable of long-term (100 days) 
storage a t  temperatures which may vary from -20' t o  60Oc. 

Materials s h a l l  be capable of withstanding r ad ia t ions  ( in-  
cluding both u l t r a v i o l e t  and hard p a r t i c l e s )  experienced 
i n  space. 

Materials s h a l l  be capable of withstanding hard vacuum con- 
d i t ions  f o r  extended periods (1 t o  5 years )  without excessive 
de te r iora t ion .  

The extended array s h a l l  be capable of withstanding thermal 
cycling t e s t  at, 10-7 Torr pressure from - 7 o O  t o  7003 f o r  
1000 cycles a t  a nominal r a t e  of 2 kLours per  cyc1.e. 

Structure  s h a l l  b? capable of m?eLing the abcve condi t ions 
witkoLct degrading the performane? of the  at.tachPd c e l l s ,  

S e l e c t i m  of ':andld3t,te L Systems 

In order t o  consider a11 pOs<iblt. cdndidates f o r  a deployable 
solar array systzm, a large number of conf igurs t ions  was postulated 
and snalyzed i n  the  ea r ly  phdsot. of t h i s  study. 
group was selected f o r  a more de ta i l ed  study. Figure 1 and Table 1 

c'rom t,hese a promising 

E-6-3 
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9. Watts per square f e e t  - The average a r ray  output divided 
by the t o t a l  deployed area. 

10. Watts per pound - The average a r r ay  output divided by the  
t o t a l  weight. 

11. Watts per cubic f e e t  stowed volume - The average a r r ay  out- 
put divided by the t o t a l  volume of the deployment system 
when i n  the stowed or launch configuration. 

12, 13, and 14n 
Estimates of r e l i a b i l i t y ,  cos t ,  and growth po ten t i a l  a re  
of a r e l a t i v e  nature since s u f f i c i e n t  d e t a i l s  do not e x i s t  
t o  allow more and accurate es t imates .  

Par m e t e r  Weight Factor ,  W 

watts/  l b  

watt  s / f t3  
watt s/f t2 

10 
a 
3 

A r a t i n g  i s  calculated for  three parameters of each of the  
seven systems using the following equation: 

A - B-j 
B R = W  [ 1+-  

where 

R = r a t ing  

W = weighting f ac to r  

8 = average v a h e  of parameter f o r  seven systems 

The smmat.ion of the three r a t i n g  numbers f o r  each system 
y ie lds  an ove ra l l  m t i n g  number. Table 2 shows the values 
f o r  the seven systems. 

E-6-6 
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3. 

4. 

*5. 

*6. 

7. 

8. 

Total weight, pounds - This includes a l l  weight chargeable 
t o  the  deployment system such as  mount,ing brackets and 
hardware. 

Deployed area ,  square f e e t  - This i s  the t o t a l  panel area 
Imluding s t r u c t u r a l  members such a s  support tubes and 
hinges, i f  used. 

Projected area,  square f e e t  - This i s  the component of the  
deployed panel a rea ,  on which so lar  c e l l s  are  mounted, which 
i s  perpendicular t o  the sun ' s  rays .  The sun i s  assumed t o  
be perpendicular t o  the spin axis of the s a t e l l i t e  and the 
panels a r e  assumed t o  be p a r a l l e l  t o  the spin ax i s .  

Array output wat ts  - This i s  obtained by the following equation: 

Array output = projected area ( f t 2 )  x c e l l  packing f ac to r  

x panel e f f i c i ency  x[1 -0.005 (operating 
temperature 

-28Oc)I x so la r  insula t i o n  (wat t s / f t2)  

A packing f ac to r  of 0.89 was used a s  a r e s u l t  of c e l l  layout 
drawings. 

A panel e f f ic iency  of 10 percent ( a i r  mass 0 a t  2 8 O C )  was used 
and assumes an i n i t i a l  e f f i c i ency  f o r  the so la r  c e l l s  s u f f i c i e n t  
t o  y i e ld  t h i s  value a f t e r  f i n a l  assembly. 

P - P  m a  
I) 

min - This i s  the cyc l i c  va r i a t ion  i n  power output 

ave 

obtained from the va r i a t ion  i n  6 above. 

Average panel operatinn temperd&gLg, OC - The ca lcu la t ion  of 
the panel operating tempzrsta-3 as.med a so la r  absorp t iv i ty  
of 0.76 (e f fec t ive ' )  and an emizs iv i ty  of 0.82; assumptions 
used in the ca lcu la t ions  resul'; it the maximum expected tem- 
peratures.  

*5 and 6 are fu r the r  del ineated t o  show the maximum, average, and 
minimum v a l ~ e s .  These are  a reyul t  Of t h e  r o t a t i o n  of the  spinning 
s a t e l l i t e .  

E-6-5 
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Design Verif icat ion Tests  

Tests  were conducted on the c r i t i c a l  elements of the above 
designs t o  v e r i f y  design adequacy and t o  obtain preliminary design 
data  i n  areas  where no data  existed.  A b r i e f  summary of these t e s t s  
and r e s u l t s  i s  l i s t e d  below: 

1. Tensi le ,  compressive, and f l e x u r a l  t e s t s  of r ig id ized  f ibe r -  
g l a s  tubes. Tests  conducted on polyester ,  polyurethane, and 
ge la t in  system showed excel lent  load carrying a b i l i t y  f o r  the 
design requirements . 

2.  Outgassing of r ig id i z ing  systems. Tests conducted on the 
above r e s i n  systems i n  a vacuum system showed no measurable 
change i n  the output of a so l a r  c e l l  when exposed t o  possible 
outgassing impingement. 

3. Tensile s t rength of f l ex ib l e  scbs t ra te  mrterials. in- 
,,,,l,,ted -ma m n . 2  0.001 i ~ c k  g lass  ~ L n t k i  tes ted ir, sxcess ~ f '  39 
pounds per u n i t  (width) i n  the  preferred d i r ec t ion  of weave. 

4 .  Solar c e l l  interconnection bending tests.  Five di f  f e r e ~ t  
. interconnection systems were tes ted .  A seven c e l l  module 

of 1 by 2 cm so la r  c e l l s  was repeatedly bent around a 4 inch 
radius .  O f  the  f i v e  systems t e s t ed ,  the minimum number of 
bending cycles  without f a i l u r e  was 1,310 and the maximum 
number was 71,000 f o r  the optimum interconnection design. 

Oriented Array Applications 

Conceptual designs and pr liminary analyses have been conducted 
on la rge  a rea  deployable a r rays  . Additional work under A i r  Force 
APL cont rac t  AF 33(615)-2750 has resul ted i n  a program t o  develop 
the  technology and prove f e a s i b i l i t y  of a f l e x i b l e ,  drum stowed, large 
a rea  array.  
w i l l  be fabr ica ted  t o  allow ve r i f i ca t ion  of the design procechre . 
and t o  show compliance with environmental t e s t s .  
t i o n s  w i l l  summarize progress t o  date under A i r  Force cont rsc t .  

3 

A demonstration model of approximately 50 f t 2  i n  area 

The following sec- 

Design Concept 

The basic  concept selected f o r  the  design ve r i f i ca t ion  study i s  
described a s  follows: Dendritic solar c e l l s ,  1 by 30 i.m, w l l l  be 
bonded t o  a f l e x i b l e  slubstrate member t h a t  supports the so la r  c e l l s  
and associated wiring. 
wound with a th in  f l e x i b l e  cushion tha t  pro tec ts  the so la r  c e l l s .  

I n  the stowed condition the a r r ay  w i l l  be i n t e r -  
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Description of Eo. 1 Rated System 

A s  shown on the system comparison char t  Figure 2 ,  system No. 2 
received the highest  r a t ing  of 33.7. 

This design has three so la r  panels,  75 inches long by 24 inches 
wide, mounted L 2 0  degrees apa r t  and attached d i r e c t l y  t o  the cylin- 
d r i c a l  surface of the spacecraft  a s  shown i n  Figures 3 and 4. The 
substrate  mater ia l  i s  O.OOl2 inch th ick  t e f lon  impregnated f iberg las .  
Solar c e l l s  are mounted on both s ides  of t h i s  substrate  on an area 
measuring 69.55 inches long by 20.18 inches wide. The so lar  panels 
a re  extended and supported with chemically r ig id ized  f ibe rg la s  tubing 
which i s  attached t o  the  two eciges of the subs t ra te .  A 1/4 inch 
diameter aluminum spreader bar tube i s  attached t o  the f ibe rg la s  
tubes a t  the end away from the spacecraft  forming e s s e n t i a l l y  a pic- 
tu re  frame s t rue  t u r e .  

When stowed, the so la r  panels a re  wrapped around the 36 inch 
diameter body of the  spacecraft .  A t  t h i s  time, the support tubes 
w i l l  be f l ex ib l e  and i n  a f l a t t ened  configuration. Thin sheets  
(0.150 inch th ick)  of polyurethane foam between the panels w i l l  
cushion the solar c e l l s .  These sheets w i l l  be j e t t i soned  when the 
so la r  panels a r e  deployed. The so la r  panels w i l l  be held i n  place 
with a re ta ining hoop u t i l i z i n g  a re lease mechanism shown i n  
Figure 5. This re ta in ing  hoop, made of the same mater ia l  as the 
panel substrate ,  holds the so la r  panel i n  the stowed pos i t ion  and 
exer t s  a pressure of about 1 p s i  on the so la r  panels.  

The f i r s t  s tep  i n  deployment of the so l a r  panels w i l l  be t o  
j e t t i s o n  the re ta in ing  hoop. 
the sa fe ty  wire and re leases  the  r a t che t  assembly, thus allowing 
the leaf spring, shown i n  the top view of Figure 5,  t o  exe r t  a torque 
and unspin the 5/16 inch diameter tube. 
re ta in ing  hoop permitt ing it t o  be t h r o m  off  by cen t r i fuga l  force.  
The so lar  panels a r e  erected by pressuriz,ing the support tubes,  and 
chemically r ig id iz ing  them t o  complete deployment of the so lar  panels. 

Upon a s igna l  the  gu i l lo t ine  squib severs 

This motion re leases  the 

- C'hemicd Rigidizat ion Syscem 

The bttsis of the chemical r i g id i za t lon  systems i s  the preimpreg- 
nation of a p l a s t i c  r e s in  i n t o  d wover! o r  sewn shape made of f ibe rg la s  
o r  other  woven c l o t h .  'The r e s i n  i s  s t a b i l i z e d  i n  a highly viscous 
l i qu id  condition so t h a t  the s t ruc ture  may b e  folded,  compressed, 
wrdpped, and otherwise packaged conveniently i n  d small volume. The 
s t ruc ture  i s  then deployed Ly the i n f l a t i o n  of lightweight i n t e rna l  
tube.; of polyethylene. After the panels have been deployed, the 
tubes %re chemically 
eqter  r e 5 i n  and SLppOrt the solhr pan2ls i n  the  cor rec t  pos i t ion .  

r i g i d i z e d  by u l t r av io l e t>  ac t iva t ion  of poly- 
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The composite so la r  ce l l - subs t ra te  consis ted of a TFE impregna- 
t ed  f ibe rg la s  c lo th  (overa l l  thickness of 0.0012 inches)  with a 1 by 
30 em dendr i t ic  so l a r  c e l l  cemented t o  one s ide and a 1 by 30 ern 
copper f o i l ,  0.002 inches thick,  cemented to the  other s ide d i r e c t l y  
under the so la r  c e l l .  This simulates the worst condition where the 
wiring harness of copper f o i l  happens t o  pass along the e n t i r e  length 
of one c e l l .  
used i n  the  above composite, was capable of passing thermal shock t e s t s  
from room temperature down t o  -409. I n  subsequent t e s t s  t o  -25O%, 
considerable delamination and c e l l  breakage occurred. Several s teps  
were taken t o  solve t h i s  problem. The bes t  combination t o  date i s  
the use of expanded copper mesh a s  the wire harness conductor, the 
use of a modified epoxy adhesive, and the  ca re fu l  cont ro l  of the 
adhesive f i lm  thickness.  This system has successful ly  passed the  
following thermal shock test: 

Any one of severa l  epoxy adhesive formulations, when 

Test Ser ies  

1. LOW temperatwe shock 70 t o  -1_000r;i 

2 .  Low temperature shock 70 t o  -200% 

J. 3 Lew t e q x r a t u r e  sheck 70 t o  -250% 

4. High temperature shock 70 t o  2 5 0 9  

5. Low temperature soak -250% f o r  2'EOurs 

6. Temperature cycling 250 t o  -250% f o r  3 cycles  

7. ' .Temperature cycl ing 70 t o  25Oq - soak f o r  one-half hour 

250 t o  -250% soak f o r  one-half hour 
Const i tutes  1 cycle I -250 t o  70% 

Repeated f o r  6 cycles 

The r a t e  of temperature change was a m a x i m  of 50% per min. 
These temperature shock t e s t s  a r e  f a r  more severe than what i s  ex- 
pected i n  a t yp ica l  ea r th  s a t e l l i t e  appl icat ion.  

Current-voltage curves were recorded on a 1 by 30 em dendr i t ic  
c e l l  as  the number of contacts  t o  the n s t r i p  was varied.  The re-  
s u l t s  a r e  shown i n  Figure 7 and on t h a t  bas i s  a f i v e  contact config- 
u ra t ion  was chosen a s  optimum, considering power loss  and assembly 
c o s t s  t rade o f f s .  

- I  

One of t he  wire int.erconnection configurat ions under consider- 
a t i o n  i s  a simple wire loop fabricated from No. 32 AWG t inned copper 
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An ex te rna l  s h e l l  w i l l  provide pressure t o  the ro l l ed  subs t ra te  on 
the storage drum. 
w i l l  t ransfer  the applied pressure uniformly through the wrapped-up 
subs t ra te  and prevent any r e l a t i v e  motion between the subs t ra te  and 
the storage drum during the launch v ibra t ion  and accelerat ion.  
i c a l  analysis  has indicated t h a t  r a d i a l  pressure of 0.6 t o  1 . 0  p s i  
w i l l  prevent r e l a t i v e  movement of one s i ih s t r a t e  layer  t o  the other  
when subjected t o  a m a x i m u m  of 60 g accelerat ion.  

The interwound foam cushion, ac t ing  hydros ta t ica l ly ,  

Theoret- 

The storage drum, subs t ra te ,  and cover w i l l  be mounted by .bearings 

Deployment w i l l  be by pos i t ive  ac t ing  
The foam cushion w i l l  be ro l l ed  up on a takeup r o l l  

t o  a s t r u c t u r a l  member t h a t  w i l l  provide support f o r  the  deployment 
mechanism and mounting brackets .  
extending members. 
during deployment. 

Demonstrat i o n  Mode 1 

The demonstration model has been defined only t o  the ex ten t  of 
the o v e r a l l  dimensions and gross arrangement of  pa r t s .  The storage 
cyl inder  length w i l l  be 6 f e e t .  
be 6 inches.  
each of two subs t ra tes  a t  180 degrees apar t .  Each subs t ra te  w i l l  be 
approximately 25 f t 2  i n  area.  
output of the 1 by 30 ern dendr i t ic  so la r  c e l l s  avai lable  a t  the  time 
of fabr ica t ion .  

The diameter of the  cyl inder  w i l l  
Two spr ing.  type, hollow extendible tubes w i l l  deploy 

The exact s ize  w i l l  depend on the  

Two types of extendible tubes a re  under consideration: 
i s  the  DeHavilland STEM (Storable Tubular Extendible Member) device 
with s i x  nested elements and the other  i s  a Hunter Company spring 
t h a t  i s  wound a t  an angle t o  the longi tudinal  a x i s  of the tube such 
t h a t ,  when released from the  f l a t  co i led  storage pos i t ion ,  the  spring 
forms a long conica l  tube.  
capable of deployment t o  50 f e e t  and has run t e s t s  on deployment 
mechanisms similar t o  t h a t  shown i n  Figure 6.  

One 

The Hunter Company has produced u n i t s  

Component Qual i f icat ion Tests  

A s e r i e s  of tests has been i n i t i a t e d  to evaluate mater ia l  and 
componeiit, s n i t a b i l i t y  f o r  lcng term operatiGn i n  space. 
t e s t s  thus f a r  have been on the  dendrit.ic: solar cells, so la r  c e l l -  
s.ubphrat? composite, wire in te rcomect ion  bending, and a r r ay  wiring 
harness configurat,ions. Preliminary t , es t s  Tndicated t h a t  t he  low 
temperature shock t e s t  would 'be the most r igorous of a l l  environ- 
mental t e s t s  and emphasis has been placed on t h i s  t e s t .  

:Most of the 
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w i l l  be deployed from two s torage drums, with two panels from each 
drum deploying a t  180 degrees from each other .  
mechanism considered here i s  the  DeHavilland STEM device. 
forces,  r e l a t ed  t o  t y p i c a l  a t t i t u d e  cont ro l  systems, were considered 
as 0.003 g perpendicular t o  the  panels , and 0.003 rad/sec/sec about 
the  p r inc ipa l  axis of symmetry p a r a l l e l  with the  panels. 
panel def lec t ion  permitted was equivalent t o  10 degrees displacement 
from t h e  horizontal .  
Atlas-Centaur shroud design and Table 5 gives a corresponding break- 
down f o r  t he  Saturn 113 design. 
been calculated using avai lable  design d a t a  f o r  t he  general applica- 
t i o n  case and does not represent  any design optimization. A s  an ex- 
ample, DeHavilland has recent ly  produced a s ix  element nested device 
whose load carrying a b i l i t y  can be t a i l o r e d  t o  match t h e  appl icat ion.  

The deployment 
Acceleration 

The m a x i m u m  

Table 4 gives t h e  weight breakdown f o r  t he  

The weight of t h e  STEM elements has 

Conclusions 
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wire. The loops a re  made i n  j i g s  t o  avoid sharp bends and a t e s t  
assembly of seven such c e l l  interconnections has passed 80,000 cycles  
of repeated bending around a 4 inch radius .  The spacing between so la r  
c e l l s  i s  approximately 0.020 inch, therefore ,  the length of t he  i n t e r -  
connecting wires i s  very short .  

Preliminary load t e s t s  on one candidate deployment device have 
been conducted. A Hunter Spring NEGATOR extendible boom was end loaded 
a s  a cant i lever  beam a s  shown i n  Figure 8. 
from a 301 s t a in l e s s  s t e e l  s t r i p  0.004 inch th ick  and 4 inches wide. 
The diameter changes from 1 inch a t  the  base t o  0.46 inch a t  the t i p .  
The tube i s  capable of extension t o  106 inches from a package of 
4 inches,  and w i l l  support 1.6 pounds without collapsing. 
sample boom i s  not the cor rec t  s i ze  f o r  the demonstration model, 
however, data from the def lect ion t e s t s  w i l l  be used t o  determine 
the required boom dimensions. 

The s p i r a l  tube i s  made 

This 

Table 3 l i s t s  addi t iona l  planned component qua l i f i ca t ion  t e s t s .  

20 KM Design Considerations 

A preliminary weight ana lys i s  was conducted on a 20 kw a r ray  
i n  order t o  evaluate the growth po ten t i a l  of the general  concept 
of the demonstration model. Two d i f f e r e n t  shroud constrainks were 
considered: the  Atlas-Centaur and the Saturn lB. The Atlas-Centaur 
shroud l imi t s  the length of storage cyl inder  t o  11 f e e t  and the 
Saturn lB shroud a l lows  a cyl inder  length of 18 f e e t ,  

The weight breakdown of the so l a r  c e l l  panel i s  given below: 

0.008 inch thick 1 by 30 cm c e l l  0.00327 pound 

0.003 inch thick coverglass 

29.4 c e l l s  per square foot  

Substrate (0.0015 inch th i ck )  

Wiring and adhesive 

0.136 lb / f t2  

0.012 l b / f t 2  

A panel performance of 10 wat t s / f t2  i s  assumed a t  50°C operating 
temperature and 95 percent packing factor*. 
deployed area f o r  20 kw power output. 

This requi res  2000 f t 2  
Four panels,  each 10 by 50 f e e t ,  

* 
Ratio of t o t a l  c e l l  area t o  t o t a l  panel a rea .  
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El El 

Figure 1 b. P r e l i m i n a r y  Concepts for Deployable 
Solar  A r r a y  Study 
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Figure 1 a .  t ’ re l iminary Concepts for Deployable Solar A r r a y  Study 
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TABLE 1. DESCRIPTION O F  PRELIMINARY CONCEPTS F O R  
DEPLOYABLE SOLAR ARRAY STUDY SHOWN ON F I G U R E  1 

Conc e pt 
Num b e r 

~ 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

11 

1 2  

13 

14 

~~ 

Descr ip t ion  

Cylindrical  s o l a r  panels  that  
t e lescope  f r o m  sa te l l i t e  body 

Folded flexible s o l a r  panels  

Solar  panels  that  unfold to 
f o r m  l a r g e r  cyl inder  

Same a s  concept 3 except 
s m a l l e r  segmented  panels  

Flexible  unroll ing s o l a r  
panels  

Folded flexible so l a r  panels  

So la r  panels  that  fold f r o m  
cyl indr ica l  su r f ace  of s a t e l -  
l i te  then ro ta te  into posit ion 

So la r  panels  that  open s i m -  
i l a r  to pe ta l s  of a f lower 

Drum stowed flexible panels  

T r i angu la r  s o l a r  panels  that  
a r e  folded c losed  and wrapped 
around the sa te l l i t e  when 
stowed 

Flexible  s o l a r  panels  that  a r e  
wrapped around the sa te l l i t e ;  
deployed by p res su r i z ing  and 
rigidizing f ibe rg la s s  tubes  

Rigid te lescoping s o l a r  panels  

Foldout r igid s o l a r  panels ;  
mechanica l  linked suppor t  
b e a m s  

Foldout r ig id  s o l a r  panels ;  
chemica l ly  rigid suppor t  
b e a m s  

Comment  

Adver se  effect  on moment  of 
i ne r t i a  

Difficult t o  deploy 

Inhibits instal la t ion of i n s t r u -  
mentat ion on cy l indr ica l  s u r -  
face  of sa te l l i t e  

Same a s  concept 3 

Same as  concept 3 

Modified and chosen  fo r  
study;becomes s y s t e m  4 
Limi ted  to  polar  o r b i t  and 
complex de ployme nt 

S a m e  a s  concept  7 

Chosen f o r  study; becomes  
sys t em 3;  a var ia t ion  of t h i s  
becomes  s y s t e m  1 

Requ i re s  change of angle  
between panels  during o rb i t  

Chosen f o r  study; becomes  
s y s t e m  2 

Chosen f o r  study; becomes  
sys t em 7 

Chosen f o r  study; becomes  
s y s t e m  5 

Var ia t ion  of concept  1 3  
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TmL;E 2. SYSTEM RATING METHOD 

Weighting Fac tor  = W 

w l l b  

8.0 

9.2 
8.6 
7.7 
6 .7  
5.4 
5 . 1  

7.2 

Rating 

11.1 

L2.8 
11.9 
10. i: 

9.3 
7.5 
7.1 

10.0 

w = 8  

w/f t 3  
140 

3 83 
1.92 
1-58 
132 
~6 
61 

170 

Rat ing 

6.6 
18 

9.0 
7.4 
6.2 

5.9 
2 .9  

8.0 

w 
w / f 2  

1.90 

2.09 
3.32 
2.93 
2.28 

2.95 

2.56 

2.45 

3 

Rating 

2.2 

2.9 
2.5 
3 .9  
3.4 
2.7 
3 .5  

3.0 

19.9 
33.7 
23.4 
22.0 

18.9 
16.1 
1.3 ' 5 

21.0 
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PANEL 3 
PANEL 1 

PANEL 2 

PANEL 

PANEL 2 

' I  

PANEL 3' 'I I 

PANELS FULLY EXTENDED 
FOAM PAD RELEASED 

PANEL 1 

PANEL 2 

RETAINING RING RELEASED PANELS STOWED 

INFLATE SUPPORT TUBES 

ITEM 

SUBSTRATE 
CELL ASSEMBLIES 
WIRING HARNESS 
SUPPORT TUBES 
END SUPPORT 
BASE ATTACHMENT 
FOAM SHEET 
RIMTS, THREADS, EPOXY AND MlSC 
WEIGHT ONE PANEL 

WEIGHT THREE PANELS 
TUBE PRESSURIZATION SYSTEM 
RETAINING HOOP 

MATERIAL 

0.0012 THICK TEFLON IMPREGNATED FIBERGLASS 0.051 
1,200 SEVEN CELL MODULES 4.842 
COPPER 0.176 
0.250 DIA X 0.028 WALL ALUMINUM ALLOY 0.753 
FIBERGLASS 0.045 
ALUMINUM ALLOY 0.253 
FLEXIBLE POLYURETHANE FORM 0.150 THICK 0.360 

0.020 
6.484 

19.452 

0.238 
TOTAL WEIGHT 19.990 

0.300 

DIMENSIONS IN INCHES 

Figure  3. System 2 - Three Flexible Pane l s  - Body Stowed 
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ALUMINUM ALLOY ANGLE 
0.040 X 0.500 X 0 500 

SUBSTRATE 0 0012 THICK / -  
T E F l  ON IhrPREGNATED 
FIBERGLASS, -- -- B O N E D  AND RIVETED :G 5UB5TRAii 

SECTION A--A \ 

- - - - I  

NE 7 CELL MODULE) 

$E:E: 
/:%;2% 
~ SUBSTRATE 

STOWED POSITION FIBERGLASS SLEEVE 
PRESSURIZATION TUBE 
OUTLET FITTING 

TUBE TO BE REINFORCED IN THIS AREA'  

PANELS ERECTED AND RlGlDlZED 

600 SOLAR CELL MODULES EACH SIDE OF EACH PANEL 
I200 SOLAR CELL MODULES PER PANEL 
3600 SOLAR CELL MODULES 
TOTAL (EACH MODULE - 7 INDIVIDUAL CELLS) 

36.00 din 

DIMENSIONS IN INCHES 

Figure  4. Sys t em 2 - P a n e l  Deta i l s  - Body Stowed 
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SAFETY WIRE 

ALUMINUM ALLOY LEAF SPRING 

RATCHET ASSEMBLY 

0.0012 THICK TEFLON 
IMPREGNATED 
FIBERGLASS SHEET GUILLOTINE SQUIB 

SQUIB HOLDER 

SPACECRAFT BODY 
OR SOLAR ARRAY STORAGE DRUM 

5/16 OD X 0.028 WALL 
ALUMINUM TUBE \ 

SECTION A-A 

0.012 THICK I, SHOWN OUT OF SCALE 

SECTION 6-8 

WEIGHT - POUNDS 
DIMENSIONS IN INCHES 

36 INCH DRUM 

5/16 DIA X 0.028 WALL ALUMINUM WBE- 0.058 
RATCHET ASSEMBLY ALUM1 NUM 0.030 
SQUIB 0.055 
SQUIB HOLDER 0.010 
SPRING, RIVETS, SAFETY WIRE 0.010 
RETAINING HOOP 0.075 

TOTAL 0.238 POUNDS 

6 INCH DRUM 

0.058 
0.030 
0.055 
0.010 
0.010 
0.016 

0.179 POUNDS 

Figure  5. Retaining Hoop - Flexible  Solar Pane l s  Sys tems 
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TABLE 3 .  COMPONENT AND SUBASSEMBLY QUALIFICATION TESTS 

Test Objective 

Evaluate use of modified 
epoxy for cell-to-sub- 
s t r a t e  bond. 

Evaluate effect o t  adhe- 
s:-,-e *.,nids in cell-to-sub 
s t r a t e  bond. 

Evaluate effect of 
increased  subs t ra te  rigi 
dity due to bus wiring or 
cell-to-substrate bond. 

Evaluate bus wiring-to- 
subs t ra te  bond. 

Evaluate substrate-to- 
subs t ra te  bond. 

Evaluate effect of wi re  
mesh  contact through 
s ~ b s t r a t e .  

Evaluate change in sub- 
s t r a t em,  c af te r  UV 
exposure.  

Evaluate wire mesh-to- 
subs t ra te  bond. 

Evaluate thermal  con- 
t ro l  paint adhesion to 
subs t ra te .  

Determineo  and L of 
the rma l  control paints.  

Determine cell  cracking 
strength and radius in 
1 c m  dimension. 

Test Specimen Description 

1 x 30 cm dendritic cell bonded tc 
0.0015 inch TFE substrate using 
modified epoxy. 

Same a s  i except ad’nesive wiii Lc 
spotted on ce l l  back surface. 

Same a s  1 except s t r ip  of 0 .  G0L 
inch copper foil will be bonded to 
subs t ra te  rear surface using 
modified epoxy. 

0 .002  inch copper foil bonded to 
0.0015 inch TFE substrate using 
modified epoxy. 

0.0015 inch TFE substrate seg- 
ments bonded together using 
modified epoxy. 

0.005 inch x 0 . 5  inch wire mesh 
contact inserted through s l i t  in 
0.0015 inch TFE substrate and 
bonded in place using modified 
epoxy. 

0.0015 inch TFE substrate 
mater ia l  bonded to tinned cop- 
per sheet using modified epoxy. 

0 .Uuj  inch wire mesh bonded to 
0.0015 inch T F E  substrate using 
modified epoxy. 

0.001 and 0.002 inch coats of 
organic and inorganic white paint 
on T F E  substrate.  

TFE subs t ra te  segment bonded tc 
tinned copper sheet and coated 
with thermal  control paint. 

1 x 2 c m  dendritic cell bonded to 
T F E  subs t ra te  using modified 
epoxy. 

Test  
Environment 

250 to -250’F 
tempera ture  
cycling a t  
50*F/min  14.7 
lb/inZ p res -  
s u r e  (1 a tmos-  
phere).  

Sd‘‘,C 5 5  1. 

Same a s  i .  

Same a s  1 

1) Same as 1. 
2)  UV exposurt 

in vacuum. 

Same a s  1. 

UV exposure 
in vacuum. 

Bend t e s t s .  

None. 

Bend tes t s  
around a cylin 
dr ica l  sur face  
along 1 cm 

Test Evaluation Cr i te r ia  

Visual inspection. 

Visual In5prction. 

Bond peel strength measure-  
ment before and after 
environmental exposure. 

Tensile strength measure-  
ment before and after 
environmental exposure. 

Tensile strength measure-  
ment before and af te r  
environmental exposure. 

o and e measurements before 
and af te r  environmental 
exposure. 
Snnd peel St reng th  mcasiirc- 
ment before and af te r  
environmental exposure. 

Visual inspection. 

m and e measurements 

Cracking strength versus  
cylinder radius. 
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TABLE 4. FOUR PANELS - EACH 10 X 50 F E E T  

-~ 

4 panels 

8 STEM elementg (1. 5 inch d i a m e t e r  x 0. 010 inch wall)  

8 S T E M  m e c h a n i s m s  ( 1 0 0  x 1. 5)':' 
2 d r u m s  (10 inch d i a m e t e r  x 0.08 inch wall  A l )  

8 cushions (0.  0 8 0  inch thick) 

2 covers  

4 takeup spools 

4 rewind m e c h a n i s m s  

St ruc ture  

Bus bars 
Total  

Watts/pound = 2 0 , 0 0 0  = 26.2 
7 64 

336 pounds 

100 

150 

59 
34 

23 

15 

10 

24 

13 

764 pounds 

.b -8- 

Mechanism weight is  es t imated as  1; 5 t i m e s  S T E M  weight. 

TABLE 5. FOUR PANELS - EACH 18 X 2 8  F E E T  

4 panels 336 pounds 

8 STEM elements  ( 1 . 2 5  inch d i a m e t e r  x 0. 005  inch wall)  

8 STEM m e c h a n i s m s  ( 2 2  x 2)':: 

22 

44 

2 40 

34 

20 2 c o v e r s  
4 takeup spools 15 

4 rewind m e c h a n i s m s  6 
S t ruc ture  20 

13 Bus liars - 

2 d r u m s  ( 1 4  inch m e a n  d i a m e t e r  x 0. 125 inch wall  A l )  

8 cushions (0.  080 inch thick) 

Total  7 50 pounds 

Watts/pound = = 26.7 2 0 , 0 0 0  

7 50 
~~ 

.3, 0 , -  

Mechanism weigi-t is e s t i m a t e d . a s  twice S T E M  weight. 
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Discussion 

Reynard: Any questions? 

Vineyard - T I :  
dendr i t ic  c e l l  . . .  ? 

( inaudible)  D i d  you consider any c e l l s  other  than t h e  

9: 
ac tua l ly  did physical  t e s t s  on both of these c e l l s .  A s  I said,  t he  
present  e f f o r t  i s  based on the  use o f  t he  dendr i t ic  1 by 30 cm c e l l  
only, but  previously t o  t h i s ,  we have looked a t  these other  c e l l s .  
We've put  2 by 2 c e l l s  around an 8-inch storage drum, and done some 
compression t e s t i n g  and found no problem. 

We o r i g i n a l l y  looked a t  1 by 2 cm c e l l s  and 2 by 2 cm c e l l s  and 

Hamilton - IDA: Ken, I don ' t  understand what you mean i n  reference 
t o  the pressure l e v e l s  f o r  the compression t e s t i n g  of the c e l l s .  
Could you explain that  a l i t t l e  b i t ,  please? 

Ray: It's understandable, because I went over t h i s  r a the r  hurr iedly.  
~"riai I tiL3ii't i t i ie11 u p n  acd v h a t ' s  i n  the psper and i n  t h e  previous 
r epor t s  a t  g rea t e r  length,  i s  the ' fac t  t h a t  when you r o l l  up this  
system on t h i s  s torage drum, there has t o  be some means t o  compress 
these  rolled-up l aye r s .  There i s  a polyurethene foam pad t h a t  i s  
i n  between t h e  so la r  c e l l  subs t ra te  assembly f o r  cushioning. We found 
it i s  possible  t o  compress t h i s  type of sandwich construction with 
pressures  necessary t o  prevent r e l a t i v e  motion of the rolled-up layers  
during t h e  worst extremes of launch v ib ra t ion  and accelerat ion,  some- 
th ing  up t o  60 g ' s .  
a c t u a l  subs t ra tes ,  and based'on th i s ,  we ca lcu la ted  the  force  required 
t o  prevent t he  l aye r s  frommoving r e l a t i v e  t o  one another. 
t u rns  out t o  be somewhere around 0.6 p s i .  We've put upwards of 1 and 
2 p s i  on rolled-up systems i n  the  laboratory with no damage t o  e i t h e r  
s o l a r  c e l l s  or interconnection wiring. Now, i n  an e f f o r t  t o  f i n d  out 
what. the cell w i l l  do? s ince no data were ava i lab le  on the  a b i l i t y  
of ce l l s  t o  withstand cracking when subjected t o  uniform pressure 
over c y l i n d r i c a l  surface,  we loaded these up i n  various ways, one the  
vacuum bag method. 
bag method on the  &inch drum, and had no problem. Does t h a t  explain 
it? 

We have measured coe f f l c i en t s  zf f r i c t i o r ?  of 

And it 

We have put 14 p s i  on a c e l l ,  using t h e  vacuum 

Samilton: Yes. 

Winkler - RCA: You mentioned t h e  s ix- tenths  of a p s i  pr2ssure. 
wondering whether yo4 have perhaps neglected t o  note that; your sdb- 

I ' m  

s t r u c t u r e  has to be ab le  to  take six-ten+;hs of a p s i ,  or  whatever, and 
t h e r e  may be some configurations which you want t o  use where %hey 
d o n ' t  - 1 mean, t he re  a r e  a l o t  of s t ruc tu res  for space t 5 a t  won't 
t ake  a half  a p s i  necessar i ly  by - f o r  o ther  design reasons. 
you may have t o  add another 30 or 40% o r  some such number. 

So 

. 
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Ray: 
storage tube i s  not one of compression f a i l u r e  by buckling. 
done qu i t e  a thorough ana lys i s  of t he  v ibra t ion  t e s t  t h a t  we ' re  going 
t o  subject  the demonstration model t o  - and the  c r i t i c a l  loading w i l l  be 
i n  v ibra t ion  a t  r i g h t  angles t o  the  long ax i s  of t he  cyl inder .  
ac tua l  bending of the  storage drum i s  the  designing f ea tu re ,  not  t he  
compressive forces .  
t i o n  model, and r i g h t  ROW t h e  thickness of  the  storage drurri i s  s e t  
something around 0.020 inch. 
manufacturing considerations not from a design consideration. 

I t ' s  a good point ,  Woody. However, the  mode of f a i l u r e  of the  
We have 

The 

This  drum w i l l  be 6-foot-long f o r  the  demonstra- 

If it changes it w i l l  change from 

Haynos - GSFC: 
tendable boom, not t h e  D e  Havilland? 

Would you go i n t o  a l i t t l e  more d e t a i l  on t h i s  ex- 

Ray: You mean t h e  Hunter? - 
Haynos: Yes, t h e  Hunter one - t h a t ' s  it. 

Ray: 
i n  2 m i l  material .  
spiral layers  go out .  
lengths .  
extensions t o  10-foot extensions.  They have a considerable extension 
force avai lable .  
l i k e  a drinking cup - and l e t t i n g  them spring out i n  a f u l l y  deployed 
pos i t ion .  
a t t r a c t e d  t o  it i n  t h a t  t h e  c o i l  of spring s t e e l  i s  wound on a s torage 
c o i l ,  and from there  it i s  allowed by a motor t o  go i n t o  a c m e  s l o t  and 
form t h e  s p i r a l .  And t h i s  has a t t r ac t iveness  of cont ro l l ing  t h e  r a t e  of 
deployment. So e s s e n t i a l l y  you have two cones a t  some 30 degrees t o  one 
another.  One cone contains the  stored-up s t e e l  tape; it comes off  of 
t h i s  i n t o  a guide and forms a long tube. I n  t h e  paper, I th ink  I have 
a p ic tu re  of t he  mechanikxn t h a t  Hunter has used t o  deploy t h i s .  

The Hunter boom i s  composed of 4 m i l  mater ia l  and it can be ava i l ab le  - 
That one i n  t h e  s l i d e  has about a 60% overlap as t h e  

These booms have been b u i l t  by Hunter i n  various 
We have had severa l  samples t o  play with, up from 3-foot 

They can be deployed e i t h e r  by col lapsing - as I sa id ,  

Or t h e r e ' s  another method tha t  Hunter has used, and we're  very 

Haynos: Thank you. 

Johnson - Bellcomm: This Hunter boom - i s  t h i s  s imi la r  t o  the jack- 
in-the-box DeHavilland type boom? 

- Ray: 
DeHavilmd boom, t h e  boom i s  at tached t o  t h e  vehicle ,  and t h e  spool 
and everything just f l i e s  out .  And t h i s  i s  not l i k e  t h a t .  So, i n  that 
respect  i t ' s  not similar. I n  the  respect  t h a t  t h i s  i s  s t e e l  tape,  
prestressed t o  conform t o  c e r t a i n  dimensions and when released w i l l  spr ing 
t o  t h e  desired dimension, it might be ca l led  similar. However, we've 
re jec ted  the  jack-in-the-box approach s ince,  as far as we know, the  spool 
h a s  t o  t r ave l  outward as the  boom deploys 

I don ' t  bel ieve it i s  because, i f  I remember t h e  jack-in-the-box 

Johnson: 
present s t a t e  of the  art? 

One more question. Do you f e e l  t h a t  your s o l a r  a r rays  a r e  
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Ray: 
now our so l a r  a r rays  a r e  on paper. 

I ' d  l i k e  t o  have you define about what our solar a r ray%are .  Right - 

Johnson: Do you feel  t h a t  these arrays can be b u i l t  now f o r  spacecraf t?  

Ray: OK. Are,yau asking, do we f e e l  t h a t  what we've described can be 
b u i l t ,  and the  answer i s  ce r t a in ly  yes. We've b u i l t  small models within 
t h e  l a b  having some TOO c e l l s  on them, and have been subjected t o  inhuman 
abuse and have come through f a i r l y  well. The weight estimates and t h e  
calculat ions f o r  t h e  l a r g e r  a r rays  look s u f f i c i e n t l y  a t t r a c t i v e ,  so t h a t  
t he re  doesn ' t  seem t o  be any r e a l  constraint  t h a t  w e  can see which would 
prevent these a r rays  from being b u i l t  tomorrow, if you want t o  set up a 
fabr ica t ion  e f f o r t .  

- 

Jchnson: Thank you. 

Reynard: 
you nave a question'; 

We'll l e t  t h e  next author a t  l e a s t  r a i s e  a question. Did 

SsLciiesoIi - Boeiiig: I Jast c ~ ~ d e r  If I i . . x d e ~ ~ t ~ ~ c ?  the last qiiestion and 
the  las t  answer. 
bui lding of a, say, 20 KW a r r ay  o f t h i s  type i s  state of t he  art today? 
You could start doing it and develop it and bui ld  it within a couple of 
years? 

I th ink  t h e  question w a s  - do you th ink  t h a t  t h e  

Was your answer i n  t h a t  regard? 

Ray: I feel  it can be done. - 
Ratcheson: Thank you. 
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11:I St ruc tu ra l  Support 
B',, Ceployment and J e t t i s o n  Mechanisms 

V. Graund Support Requirements 

*Yke leading components of each subsystem were in tegra ted  and synthesized 
i n t o  severa l  a r ray  configurations; two of which are shown on Figure 2. 
Each of these configurations were evaluated and compared as shown i n  
Figures 3 and 4. 

The folding modular a r ray  consis ts  of t rapezoidal  panels joined to-  
gether by hinges and la tches ,  folded i n  the  stowed pos i t i on  and deployed 
by one of severa l  actuat ing systems. 
the  ava i lab le  conic envelope under the shroud. 

The t rapezoidal  panels bes t  u t i l i z e  

Several panel configurations including aluminum and beryllium f la t  
sheet  s t r inge r ,  aluminum concentrator, and semirigid panels were analyzed. 
C d y  t h e  aluminum concentrator and beryllium semirigid panels were  capable 
%? meeting the  20 watt pe r  pound conversion r a t i o  requirement. Suf f ic ien t  

n e ? t  the 10 and 50 kilowatt  power requirenents. 
-C nnne-n+-n+nn nnn-i --,,la *-+ L- -+----a 

u . L G u  L u I i L c u u l a u u r  yaiics L u u u  i A u u  uc D u u w c u  in the Z V Z L ~ Z " ~ ~ ~  eizvel~pe to 

Beryllium and aluminum suppoq s t ruc ture  w e r e  compared. Aluminum with 
a modulus of e l a s t i c i t y  of 10  x 10 
per  cubic inch could not m e e t  t he  weight requirement. 
modulus of 43.5 x lo6 and a spec i f i c  densi ty  of 0.067 pounds per  cubic inch 
proved bes t .  The choice of beryllium w i l l  result i n  higher cos t  for fab- 
r i c a t i o n  of a prototype array because of spec ia l  too ing  and f a c i l i t y  

dznslt j-  of 0.067 pounds per cubic inch proved bes t .  
li=Un w i l l  result i n  higher cost  for fabr ica t ion  of a prototype a r ray  
because of spec ia l  too l ing  and f a c i l i t y  requirements. Other new components 
s e l ec t ed  during the  t r ade  s tudies  include 8 m i l  N on P back connected si l i-  
con s o l a r  c e l l s  and 4 m i l  microsheet cover glasses .  
provided t h e  b e s t  power per  pound r a t i o  within t h e  expected s ta te-of- the-  
a r t  as of January 1; 1966. 

and a spec i f i c  dens i ty  of' 0.10 pounds 
B e r y l l i u m  with a 

TI.e choice of beryl- 

These components 

For the  ro l lup  type array,  combinatians of r i g i d  panels a d  cur t a in  
panels  were considered. The r i g i d  panels would be capable of sus ta in ing  
'the re t ro- loads  imposed during in jec t ion  i n t o  the  Mars o rb i t .  E-film 
subs t r a t e s  mounted t o  co l laps ib le  type booms w e r e  configurated. Two 
subs t r a t e  concepts were considered. One used H-film corrugations bonded 
to a f la t  sheet  of H - f i b ,  for solar c e l l  support, and i n  the  other  the  
c e l l  s t ack  and H-film subs t r a t e s  were protected by foam rubber between 
the  r o l l e d  up l aye r s .  Beryllium copper DeHavilland STEM type, and col-  
l a p s i b l e  closed sec t ion  booms, and telescoping aluminum booms w e r e  em-  
sidered f o r  deployment and s t ruc tu ra l  support. 
t h e  t r a d e s  t h a t  were conducted. 

Figures 3 and 4 sunmarize 

Based upon these  s tud ies ,  the baseline a r ray  configuration w a s  defined 
by JPL and The Boeing Compaqr. 
F-Egure 5 cons is t s  of a four  armed folding modular a r r ay  using semirigid 
tiberglas subs t ra tes .  Rectangular panel shapes joined by hinges were 

The preliminary design i l l u s t r a t e d  i n  
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In 1965, The Boeing Company, under contract  t o  J e t  Propulsion Labora- 
t o r y ,  conducted a study t o  determine the f e a s i b i l i t y  of fabr ica t ing  s o l a r  
arrays capable of generating from 3 t o  50 kilowatts of power with a minimum 
conversion r a t i o  of 29 w a t t s  per pound; represec t i rg  a.bout twice thc 
presec t ly  achievable r a t i o .  The arrays would be used t o  dr ive e l e c t r i c  
propulsion systems and provide a11 other  e l e c t r i c  power on unmanned Mars 
orbi t ing spacecraft .  Concurrently, contracts  were awarded t o  two other 
contractors  t o  develop the spacecraft  and mission f e a s i b i l i t y .  
coordination with JPL and the  associate  contractors  was a s igni f icant  
program element 

Interface 

The plan t o  meet the  program objectives included these major items, 

1. 
and interface requirements. 

Definit ion of the problem by determining t h e  envi rormnta l ,  missiori 

2. Data col lect ion and evaluat ion of s ta te -of - the-ar t  components, 
mater ia ls  and processes t h a t  were appropriate t o  the  configuration of 
large s o l a r  arrays.  

3. 
nat ives  f o r  c e l l .  s tack  modules, support s t r u c t u r e  and deployment mechan- 
i s m s .  
a r ray  configurations which were compared t o  t h e  requirements i n  order t o  
s e l e c t  a near optimum configurati.on. 

Use of this mater ia l  t o  develop severa l  f e a s i b l e  configuration a l t e r -  

These componefit and subsystem configurations were synth.esized i n t o  

4. After establishment of a basel ine configuration, pre1imina.ry d5.s ig rs  
were developed for a 10 KW and a 50 KW array.  

5. 
each design w a s  performed. 

Fin.ally, a power conversion r a t i o ,  schedule, and cos t  evaluation of 

In  cooperation with Jet  Propulsion Laboratory and the mission contrac- 
t o r s ,  a detai led statement of a r ray  requirements from fabr ica t ion  through 
mission completion were developed and i s  summarized i n  Figure 1. 

Concurrently, evaluations of the following major elements of the  
array were conducted. 

I. Solar C e l l  Modules 
11. E l e c t r i c a l  Bus System 
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I 

aux i l i a ry  panels a r e  re leased mechanically and deployed by redundant 
t o r s ion  spr ings.  

The J e t t i s o n  System, employed ju s t  p r i o r  t o  t h e  Mars in j ec t ion  o r b i t ,  
i s  squib actuated. Spring dr iven tors ion  bars  unclamp the  outboard sub- 
panel assemblies from subpanel No. 1 and compression spr ings then disen- 
gage t h e  e l e c t r i c  power plugs and slowly separate  the  assemblies. Deploy- 
ment cables are cut  by squib dr iven gu i l lo t ines .  
wires are used a t  a l l  points  f o r  r e l i a b i l i t y .  

Dual squibs and bridge- 

The e l e c t r i c a l  power subsystem cons is t s  of t h e  s o l a r  c e l l  modules 
and power busses t o  generate the  required power and car ry  the  current  t o  
t h e  in t e r f ace  a t  t h e  spacecraft-array j o i n t .  
on t h e  spacecraf t .  
telecommunications and the s c i e n t i f i c  and engineering experiment package. 
The spacecraf t  bus receives  100-volt power for t h e  e l e c t r i c a l  propulsion 
engines. 

Power conditioning i s  provided 
28-voit power i s  provided by sub-panel No. 1 f o r  

Panel temperature, deployment completion, and separat ion complete 
sensors are provided on each panel assembly. Current ana voltage sensors 
f o r  each assembly are provided on the spacecraf t  power busses. 

Ground Support Requirements from f ab r i ca t ion  through development, 
qua l i f i ca t ion  and acceptance t e s t i n g  phases have been developed. 

In te r faces  

Compatible envelopes f o r  t h e  array s tacks  and t h e  spacecraf t  s t ruc tu re  

Physical and funct ional  interfaces  f o r  t h e  400 cycle deployment 
and subsystems i n  both t h e  stowed and deployed pos i t ions  have been deter- 
minded. 
motors and loca t ions  f o r  the  cables have been establ ished.  

The s t r u c t u r a l  loads imparted a t  t h e  array-spacecraft  attachment 
h z ~ e  beer, czlczh. t&.  mLe d y m ~ i c  i n p t .  from the laimch vehi r l  e and 
spacecraf t  t o  t he  stowed a r r ay  has been spec i f ied  i n  t h e  design require- 
ments. 
ments which preclude coupling with the spacecraf t  Guidance and Control 
Sys tern. 

The deployed a r r ay  has been designed t o  meet s t i f f n e s s  require- 

The e lec t r ica l .  i n t e r f ace  between the 28 and 100 vo l t  bus system of t h e  
a r r ay  and t h e  spacecraf t  has been defined and documented. The a r ray  bus 
system w i l l  terminate i n  NAS 1600 connectors and power w i l l  then proceed 
t o  the spacecraft  bus and power conditioning equipment. 

One major in te r face  problem remains unresolved. The e f f ec t ive  d i s -  
pers ion  angle of p a r t i c l e  emission from t h e  ion  engines remains undefined. 
The p o s s i b i l i t y  of impingement causing degradation t o  s t r u c t u r a l  or e l e c t r i c a l  
components of t h e  a r ray  i s  t o  be examined by an engine-solar panel tes t  
a t  t h e  spacecraf t  study cont rac tor ' s  f a c i l i t y .  
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u t i l i z e d  t o  minimize design and fabr ica t ion  problems. The main deployment 
subsystem c o n s i s t s  of 4 two-stage e l e c t r i c  motor dr ive  gear boxes actuat ing 
a pul ley cable concept. The preliminary analysis  indicated t h a t  the  base- 
l i n e  concept would meet t he  20 w a t t  per  pound power t o  weight requirement. 
The lo7  square foot  panels can be fabricated with less d i f f i c u l t y  than the  
la rge ,  833 square foot  ro l l -up  panels. The pulley-cable deployment system 
which was compared t o  to r s ion  springs and bourdon tubes,  demonstrated l i g h t  
weight and satist 'actory r e l i a b i l i t y  and i s  composed of e s s e n t i a l l y  state- 
of -t he- ar t  component s .  

Two prototype preliminary conceptual designs w e r e  completed i n  t h i s  
program. 
8 Saturn IB/Centaur provides 47.7 ki lowatts  of power a t  a sun-probe d i s -  
tance of one astronomical u n i t .  This i s  achieved through the  deployment 
of 4944 square f e e t  of gross area,  o r  4433 square f e e t  of ac t ive  s o l a r  
c e l l  area.  
f o r  a power conversion t o  weight r a t i o  of 22.4 watts per  pound. 
weight contingency o f  10 percent were added f o r  unknowns i n  the  design, 
a r a t i o  of 20.4 w a t t s  per pound would be achieved. 
space ex i s t s  under the  shroud t o  add an addi t iona l  subpanel assembly t o  
each panel.  
t i o n a l  deployed area f o r  a 52 kilowatt  power output f o r  t h e  array.  The 
second array designed i s  i n s t a l l e d  on a spacecraf t  launched by an A t l a s /  
Centaur and provided 10 ki lowatts  of power a t  one astronomical u n i t .  
The s t ruc tu ra l ,  mechanical , and e l e c t r i c a l  subsystems are  i d e n t i c a l  i n  
pr inc ip le  t o  the  Saturn IB/Centaur launched array.  
a t  1 .0  AU a t  a 19.9 watts per  pound conversion r a t i o .  

The array designed f o r  i n s t a l l a t i o n  of a spacecraf t  launched by 

The t o t a l  a r ray  weight has been calculated t o  be 2125.6 pounds 
If a 

Suff ic ien t  s torage 

This would provide approximately 500 square f e e t  of addi- 

It provides power 

The array cons is t s  of four  folding panel assemblies. Each assembly 
then consis ts  of subpanel number 1 and subpanel assemblies 2 through 5 
Each subpanel assembly has a main panel and two aux i l i a ry  panels. The 
e n t i r e  array i s  made up of only three  d i f f e r e n t  panel s izes  t o  minimize 
too l ing  and spares problems. 

During t h e  preliminary design period, engineering e f f o r t s  have been 
concentrated on the  four major a r ray  subsystems, necessary sensors,  t h e  
ground support system, and t h e  in t e r f aces  of these systems with t h e  
spacecraf t .  

Primary s t ruc tu re  cons ls t s  of beryll ium panel spars  and i n t e r c o s t a l s .  
C r i t i c a l  loads are  imposed by the  launch m o d e  with the  r e t r o  maneuver 
imposing addi t ional  requirements on sub-panel No. 1. 
each folding array s tack i s  clamped toge ther  by tens ion  t i e  rods a t  two 
points  and the four  s tacks are t i e d  toge ther  a t  these  poin ts .  The s tacks 
a re  then t ied  t o  the spacecraft  through hinges at t h e  a f t  end. 

I n  the  launch mode 

The subpanel assemblies are deployed by a cable pul ley system driven 
by four  e l e c t r i c  motors and harmonic d r i v e  gear boxes. 
is  provided by spacecraft  b a t t e r i e s .  
two panel assemblies providing redundant deployment capabi l i ty .  

E l e c t r i c  power 
Each motor i s  capable of d r iv ing  

The 
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have given us a high l e v e l  of confidence t h a t  a 20 watt/pound s o l a r  a r ray  
for t he  p a r t i c u l a r  mission defined i n  the c r i t e r i a  and requirements state- 
ment can be achieved. 

Several  development problems require  resolut ions.  Among these are:  

1. 
m a s s  1 i n  the  quant i ty  required.  

The a v a i l a b i l i t y  of 8 m i l  c e l l s  with 11.8% nominal e f f i c i ency  at  air 

2. Four m i l  cover glasses  are avai lable  from a s ingle  somce only a t  
present.  
provements t o  increase production quant i t ies  of these  two items f o r  f l i g h t  
a r t i c l e  fabr ica t ion .  

Funding t o  vendors may be required f o r  process technique i m -  

3. 
cause of the  i n a b i l i t y  t o  pred ic t  t h e  a r ray  damping f a c t o r  with a high 
degree of  confidence. 

Tne v e r i f i c a t i o n  of t he  dynamic arialyses through t e s t  i s  recpired be- 

4. Manufacturing processes f o r  beryllium frame - f ibe rg la s  subs t ra te  
assembly techniques and s o l a r  c e l l  stack bording aiid soldering ,iniiat 'ce 
developed. 

panel. f ab r i ca t ion  i n  the  next f e w  weeks. 

assembly l e v e l  by t h e  sample panel fabr icat ion.  

S m a l l  sca le  subs t ra te  assembly will be developed during the  sample 

C e l l  bonding and solder ing processes w i l l  be developed t o  a hand 

An Z d y s i s  of Froduction problems for fdi sca le  yr.otot~--e Zri*ZyS 
has been made and major problem areas have been defined. 
schedule evaluat ion f o r  development and f ab r i ca t ion  of prototypes has 
d s u  been mde.  
be developed within 32 months from go-ahead. 

A cos t  and 

It i s  estimated that a 50 kilowatt  f l i g h t  a r t i c l e  could 

Three one-square foot panels are being fabricated.  These w i l l  de- 
~ ~ m t r z t c :  t h e  f e ~ s i h i l i t y  nf t.he re11 mounting and solder ing techniques. 
It i s  also planned for one panel t o  be incorporated i n  an ion  engine 
tes t  t o  a sce r t a in  t h e  e f f ec t s  of ion  impingement. The panels can a l s o  
be used f o r  thermal, thermal shock, and acoust ic  t e s t ing .  

Two s m a l l  s ca l e  hanci operated array models are being fabr ica ted  t o  
i l lust rate  the  launch packaging, deploying, and la tch ing  pr inc ip les  of 
t h e  a r r a y  design. 

A f i n a l  repor t  summarizing the analyses, designs,, and evaluations 
w i l l  be m a d e  t o  JPL and NASA at the  conclusion of t he  program. 

c 
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De-gloyment R e l i a b i l i t y  

Deployment system r e l i a b i l i t y  was calculated using failure r a t e  data 
from t h e  :Boeing Data Bank. 
deployment, 
cmponents a r e l i a b i l i t y  of 0.997 w a s  calculated.  
3,s based on more severe service than the  a r ray  should experience including 
inran t  mortali ty,  wearout, and fatigue, I f  it i s  assumed t h a t  the  a c t u a l  
array fai.lure r a t e s  a re  25 percent of those represented by t h e  d a t a  used, 
t h e  r e l i a b i l i t y  f igure  i s  increased t o  0.999. 

The estimate i s  based on 100 percent array 
Using t h i s  assumption and t h e  avai lable  data f o r  t y p i c a l  

However, t h e  data 

J e t t i s o n  R e l i a b i l i t v  

The pyrotechnic i n i t i a t o r s  a r e  considered c r i t i c a l .  Four completely 
redundant pyrotechnic severing devices are used. Fai lure  of the  f i r i n g  
charge i s  the predominant a i l u r e  mechanism, The f a i l u r e  r a t e  f o r  f i r i n g  
w a s  increased from 1 x 
f o r  350 days exposure t o  the space environment. 

t o  1 x 10-3 f a i l u r e s  per t r i a l  t o  account 

E l e c t r i c a l  Bus R e l i a b i l i t y  

Z"ne predominant f a i l u r e  point f o r  t h e  e l e c t r i c a l  bus system i s  
considered t o  be t h e  bus connections t o  solar c e l l  modules a t  the  di.odes. 
All these connections a re  redundant r e s u l t i n g  i n  a negl igible  probabi.lity 
of f s i . lu re  for the  mission. 

Solar Cel l  Modules R e l i a b i l i t y  

The assumptions used i n  the  module r e l i a b i l i t y  analysis  were: 

1. The pr incipal  mode of f a i l u r e  i s  open c i r c u i t  i n  individual. c e l l s .  The 
number of short  c i r c u i t s  w i l l  be negl igible .  

2= The failure rate f o r  the  individual  c e l l  i s  0.1 x 
hoix. 

f a i l u r e s  per  

3. Cel l  fai:Lure r a t e  i s  constant with respect  t o  time, and f a i l u r e  
occurrence i s  random with respect t o  loca t ion  i n  t h e  array.  

4. -6 Blocking di0d.e f a i l u r e  r a t e  i s  0.05 x LO f a i l u r e s  per hour. 

The module under consideration has a basic  grouping of seven c e l l s  
i n  p a r a l l e l .  Occurrences of two c e l l  failures i n  the  same seven-cell  
group are  very unl ikely t o  occur. 
more numerous. 
l a 5 $  can be expected at  the end of 350 days f o r  t h e  e l e c t r i c a l  subsystem, 

Fa i lures  of one c e l l  i n  a group are 
For a r e l i a b i l i t y  of 0.999 a power l o s s  of approximately 

summary 

T'o sum up, the design e f f o r t s  and analyses t h a t  have been conducted 

E-7- 5 
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ported i n  Reference 1. 

The spacecraft  
The o r i g i n a l  work i s  re- 

An ana ly t i ca l  study has been performed t o  determine the  f e a s i b i l i t y  
of using a posi t ionable  despun thermal sh i e ld  t o  con t ro l  the temperature 
and power of a s o l a r  a r ray  used f o r  spacecraf t  on-board power during a 
@ 0 2  AU missi.on. The r e s u l t s  of the study ind ica te  t h a t  such a mission 
.is f eas ib l e  using body-mounted N/P s i l i c o n  s o l a r  cb 011s with blue-red 
ful l -czl l - response bandwidth f i l ters.  

A cy l ind r i ca l  spacecraf t  with a Pioneer configuration, spinning 

s h i e l d  consisted of two colmter-rotating cy l ind r i ca l  surfaces  with a 
YZ!K.-LS 3rLy slightly l a rger  than the s p c e c r z f t  z i r  rct8ti~g ~ % r ) l ~ . + -  +he 
spacecraf t  spin ax is .  

&out i t s  a T s  69 FZI4, used ir, &L+y; t h e  selectec? i--errr,m 

Solar array temperature, thermal sh ie ld  temperature, and system 
power output a re  given as a function of sh i e ld  pos i t ion  and so la r  dis tance 
for N/P s i l i c o n  solar c e l l s  with ful l -cel l - response bandwidth blue-red 
f i l ters .  Voltage-current curves are given as a funct ion of so l a r  dis tance 
f o r  t h i s  c e l l - f i l t e r  combimtizr,. 

It i s  shown t h a t  t h e  required power generation l e v e l  of 60 watts can 
he maintained throughout the  mis s ion .  With the s o l a r  sh i e ld  opening pro- 
grammed t o  optimize power, a minimum power of 72 watts i s  ava i lab le  a t  
1.0 AU and a maximum power of 325 watts obtains  a t  0.2 AU. 
reaches a maximum temperature of  88Oc (190OF) at 9.2 AU. 

"he s o l a r  a r ray  

Both the c e l l  and t h e  f i l t e r  selected on t h e  b a s i s  of %his  study a re  
production items ava i lab le  a t  r e l a t i v e l y  low cos t .  
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d r i c a l  surface which r o t a t e s  with respect t o  the  c y l i n d r i c a l  spacecraf t ,  
This configuration i s  probably the simplest and most d i r e c t  method of 
e f fec t ing  the  shield.  However, t h i s  concept has a ser ious drawback. Power 
produced by t h e  s o l a r  c e l l s  on the cy l indr ica l  surface of t h e  spacecraft  
is an inverse f'unction of t h e  angle of incidence between the  s o l a r  f l u x  
and the normal t o  t h e  surface of each c e l l ;  at  la rge  incidence angles, t h e  
c e l l  power approaches zero. Also, the l a r g e  s h i f t s  t h a t  occur i n  the  
s p e c t r a l  transmission of f i l t e r s  when t h e  incidence angle is  la rge  a f f e c t s  
both heating and adhesive degradation. With t h i s  configuration, a r e l a t i v e l y  
la rge  number of c e l l s  must be exposed at any given power leve l ;  as a result, 
c e l l  temperatures will be higher and, consequently, photovoltaic performance 
w i l l  be d e g r d e d .  Also, a la rge  number of exposed c e l l s  w i l l  receive s o l a r  
energy at  la rge  incidence angles and w i l l  thus be operating i n e f f i c i e n t l y  
or  not at  all. 

Configuration 2 (shown i n  Figure 2)  consis ts  of two counter-rotating 
c y l i n d r i c a l  surfaces which r o t a t e  with respect  t o  the spacecraft .  This 
method eliminates the  drawbacks c i t e d  for configuration 1. With this con- 
f igura t ion ,  c e l l  performance can be maxlmizeu w i t n  a minimum efyeciive ex- 
posure. This is  the  recommended configuration, and it will be used through- 
out as t h e  reference concept. 

Nominal dimensions of t h e  solar c e l l  covered c y l i n d r i c a l  spacecraft  a re  
36 inches i n  diameter by 30 inches i n  length,  
spinning a t  60 + 10 RF'M amd is  normal t o  the  incident solar rad ia t ion  at  all 
t h e s  during f lzght .  

The c y l i n d r i c a l  surface i s  

The thermal sh ie ld  w i l l  cons is t  of a nonmagnetic framework supporting 
The propert ies  of a t y p i c a l  l /h-inch t h i c k  mult i layer  insulat ion blanket. 

the i n s u l a t i o n  w i l l  be: 

densi ty  = 5 l b / f t  3 

thermal cond. = 0.005 Btu/hr f t .  ('F/in) 

The s h i e l d  w i l l  be bearing supported at  one end and will r o t a t e  independently 
of,  bu t  co l inear  with, the  spacecraft c y l i n d r i c a l  axis. 

Surface propert5es of the shield w i l l  be: 

Ekt,ernal.ly exposed sxrf ace (space s ide)  

Surfaces facing spacecraft  

€ = 0,05 €i 
The s h i e l d  i s  considered t o  be thermally i so la ted  from the  spacecraft ,  
excepting r a d i a t i o n  coupling. 

E-8-2 
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Introduction 

Near solar space probe missions a r e  des i rab le  f o r  the  purpose of col-  
l e c t i n g  needed s c i e n t i f i c  data.  However, during such a mission, spacecraft  
temperatures w i l l  be high. Solar c e l l s  are t h e  conventional power source 
f o r  extended space missions, but they do not operate e f f i c i e n t l y  a t  high 
temperatures -- i n  f a c t ,  they have a temperature l i m i t  beyond which no 
power i s  produced. 

The purpose of the  present invest igat ion was t o  determine the  f e a s i -  
b i l i t y  of extending the  useful  range of s o l a r  c e l l s  t o  include near s o l a r  
missions. The suggested means f o r  accomplishing t h i s  end -- a close- 
mounted despun heat sh ie ld  -- i s  applicable only t o  a spinning spacecraft  
with body-mounted c e l l s .  

The f e a s i b i l i t y  of t h i s  technique i s  es tabl ished on the  b a s i s  of the  
results of a combined thermal and photovoltaic analysis  which considers a 
spinning cy l indr ica l  spacecraft  with a Pioneer configuration. 
temperature, thermal sh ie ld  temperature, and system power output a r e  preB 
dicated as a function of sh ie ld  pos i t ion  and s o l a r  distance; voltage- 
current curves are estimated as g: f'unction of s o l a r  dis tance.  

Solar a r ray  

System Description 

The purpose of the  thermal sh ie ld  i s  t o  cont ro l  t h e  temperature of the  
s o l a r  c e l l s  by minimizing the  e f f e c t i v e  number of c e l l s  exposed t o  the  i n c i -  
dent f lux during a near-solar mission. Figures 1 and 2 suggest two possible  
configurations which could be used t o  s a t i s f y  t h e  thermal sh ie ld  require- 
ment s. 

Configuration 1, (shown i n  Figure 1) c o n s i s t s  of a s ingle  hemic,&lll;l- 
( 

\ 

E-8 -1 
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Sd = s o l a r  constant at  dis tance d from the sun 
2 

= 442 Btu/hr f t  at  1 AU 

= 2760 Btu/hr 0 ft' at 0.4 AU 

= 11000 Btu/hr  f t  
2 a t  0.2 AU 

a .= s o l a r  absorptance of node i 

T, and T, are des i red  as functions of t he  sh i e ld  angle (20), t he  s o l a r  
Sl 

distance,  a.ndLthe surface proper t ies  of t h e  spacecraf t  and shield.  
r e s u l t i n g  equations are:  

0 - q  4 = €8 9si +[A (c13 + cE) + c' l=jA'] %2 

'EA 

where : 
r -1 1 
1' -I-, = e,,Lctive e m  'E ---q 

2 
t tance  -etween nOues 1 an, 

?ij 
= ernit%mce of that port ion of Ai t h a t  "sees" node j .  

s,', = emittance of ends of cylinder.  

A = m h  = one-half t h e  area of t h e  cy l ind r i ca l  surface of 
-L3 

revolution. Also, e i t h e r  surface of the shield.  

U I I G  c - J - C I ' & & b A  Y . A I  = zlnr 2 .  = tots 01 ea&s sf +L- n ~ r l i n i i a v c  

T1 = temperature of node 1, OR 

T2 = temperature of node 2, ?R 

The following surface propert ies  were used: 

= c = 0.875 ( s o l a r  c e l l s  with 0.4 t o  1.1 p i l t e r s ) .  13 I 2  
c '  = 0.875 ( a r b i t r a r i l y  taken  equal t o  E ) 
13 1 3  

€ 

= 0.05 €21 

. 

= 0.80 
23 

E: 

a = 0.10 

E-8-4 
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Tne solar cell a r ray  i.; themai..ly i so l a t ed  from the spacecraft  s t ruc-  
A t9taJ .  3f lO?368 s i l i c o n  s o l a r  c e l l s  are arranged unfformly on t h e  ture:, 

cyli.nd.ri.caL sur face  of the vehi.cle. 
4 (paraXLcl) by 54. (Eerli.es) c e ~ s .  
be .in a s ingle  1i.ne paral.l.e:i t o  .the veh.fcle axis .  

!They are connected i n  48 s t r i n g s  of 
M.3. 54 cells of a given series w j l l  

Thermal Analys is 

A general thermal a n i l y s i s  of t h e  spacecraft/shi.eld system w a s  per- 
formed f o r  the  purpose of e s t ab l i sh ing  tempera.ture l e v e l s  and ranges. The 
r e s u l t i n g  thermal model is &so used i n  thF d e t a i l e d  ana lys i s  of the p w e r  
system. B e  t.hemal ana lys i s  treats both spacecraf t  and sh ie ld  as isothermal; 
tbis a s s m p t t m  is  shorn t o  be va l id  f o r  t'- K E  spacecraf t  by cansidering t h e  
e f f e c t  of i t s  sp in  rate. Fadial, and circumferential  gradients i n  the shizZd 
are a l s s  condidwed; as a r c s u l t ,  the  ana lys i s  i s  shown t o  be conservative. 

Bokh s,pacecl-aft and shi.&Ld a.rn as.mmed t=. be i.sotlnermd. i n  t h e  .therma.l 
ana lys i s  which fc:Ll.ows .Figure 3 i.s a schematic descri.pt:i.on of th.e thermal. 
model., The fol.lmi.ng a?sm-pt,ions were made i n  t h e  devel.o,pment o f  t h e  thermal. 
model. : 

. The heat, sh ie ld  i s  attached t o  the spacecraft  by a thermally ngn- 
conducting support. 

The sh ie ld  may be interposed between t h e  spacecraf t  and the Sun t o  
any ex ten t  des i red.  

. Both spacecraft  and s h i e l d  are isothermaL bodies. 

. f i e  shield i s  mounted i n  c lose  proximity t o  the  spacecraf t .  

The tSal surface a rea  of t h e  sh ie ld  i s  equal t 3  the a rea  of t h e  
cylLndrical surface of revolution of t h e  spacecraf t .  

e ?!he solar abeor,pt,ance sf any surface i s  independent of the in- 
cidence angle of t,he s o l a r  vec to ry  

The e f fec t ive  temperature cf deep space i s  absdi l te  zer:,. 

The s o l a r  encrgy absorbed by node I i? :  

= A  %3i p i  'd % i  

where 

A = prs j t c t ed  area of' n:ide i as seen by t h e  SLin 
Pi 

- 2rh s i n  8 f o r  node l., Lhc :-pnc::cra,ft 

E-8-3 
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d e t a i l s  of t h e  analysis  a r e  given i n  Reference 1. The assumption of an 
isothermal shitlld provides conservatism i n  the  photovoltaic calculat ions 
which are a funct ion of c e l l  temperature. 

The e f f e c t  of circumferential* gradients w i l l  only be s ign i f i can t  
with t h e  sh i e ld  closed, o r  nearly closed. Consideration of these gradients  
w i l l  reduce the  lower l i m i t  of  t h e  predicted temperatures. 
. a  fu r the r  degree of conservatism i s  included i n  the  ana lys i s  of t he  system. 

A s  a result, 

Multiple r e f l ec t ions  of s o l a r  radiat ion between the  sh ie ld  and t h e  
spacecraf t  have not been considered i n  t h i s  analysis .  However, t h e  geo- 
metry of t h e  se lec ted  configuration (Figure 2) i s  such that very l i t t B e  
s o l a r  r ad ia t ion  w i l l  en t e r  t h e  space separat ing the  sh i e ld  and the  space- 
c r a f t .  

Photovoltaics 

Parameter inves t iga t ion  and system design of solar c e l l  arrays have 
been pr imari ly  concerned with operation i n  near-earth environments. 
sequently, there  i s  a paucity of da ta  regarding high-temperature photo- 
v o l t a i c  operation under conditions of intense solar i l lumination. Several 
parameters t h a t  can be neglected f o r  near=earth missions become qui te  
s i g n i f i c a n t  f o r  a near-solar  mission. For example, s i l i c o n  s o l a r  c e l l s ,  
bdy-mounted on an unshielded cy l indr ica l  spacecraf t ,  approach zero power 
output between 0.5 and 0.4 AU because of temperature l imi t a t ions .  

Con- 

The performance o f  s i l i c o n  solar c e l l s  i s  discussed below, with an 
emphasis on near-sun operatinn. The discussion includes consideration 
of spec t r a l ly  se l ec t ive  f i l ters ,  cover g lass  adhesives, and p a r t i c l e  
r ad ia t ion  damage. 
throughout. 

State-63-the-art  components and techniques are s t ressed  

A - l  by 2 em, 10 a-em N/P s i l i con  s o l a r  c e l l  with 10.7 percent conver- 
s ion  e f f i c i ency  a t  28% and air mass zero was selected.  

S i l i con  Solar Cells 

Solar  c e l l  s e l ec t ion  was based on the  following c r i t e r i a :  

. Performance R e l i a b i l i t y  

1. Elevated temperatures 

2. Very high i n t e n s i t y  

* Circumferential  is  defined herein as on t h e  circumference of t h e  thermal 
s h i e l d  ( o r  spacecraf t ) ,  and i n  a plane perpendicular t o  t h e  center l ine  of 
t h e  spacecraf t .  

E-8-6 
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Calculated quant i t ies  a re  : 

€ = 0.0496 E 
2 A = m h  = 11.78 f t  

A '  = 2m2 = 14,lL f t  
.pm& ILuiLucu - ?,+-A +-- ~ ~ p e r a i - w - e s  a re  given by Figure > e  

2 

Ln order t o  s m p l i f y  the  thermal model of the  spacecraft ,  it w a s  
assumed t h a t  the  spacecraf t  was isothermal This assumption was exaqined 
t o  determine i t s  va l id i ty .  

The fcllowing assumptims were made i n  t h e  analysis :  

Solar c e l l s  a r e  mounted on a cyl inder  camposed of aluminum 
honeycomb sandwich construction. %e facings a re  10-mil 
duminum sheets;  the  core i s  1 - m i l  aluminum f o i l ;  and t h e  
sandwich i s  O.25O-in thick.  

7- ~t is  assumed t h s t  a x i a l  temperature gradients  s r e  negl ig ib le  
and all circumferent ia l  heat t r a n s f e r  occurs i n  the  facings 
( t h i s  assumption w i l l  cause la rge  gradients) e 

The heat capacity of t he  honeycomb i s  assumed t o  be t h a t  of 
t he  aLuminiUn facings.  (Tkis assumption w i l l  a l s o  give c i r -  
cumferential gradients  l a rge r  than ac tua l  s ince the  heat 
path i s  considered t o  be e n t i r e l y  within t h e  facings.  This 
neglects the  capaci ty  of the  core and i t s  bonding agent; 
thus, giving a lower capacity than ac tua l ly  obtains . )  

The surface of t h e  cyl inder  i s  assumed t o  be thermally 
i so la ted  from the  i n t e r i o r  of t h e  spacecraf t .  

Solar heating of a r c t a t i n g  cy l ind r i ca l  space vehicle  has been consid- 
ered ana ly t ica l ly  by Ctarnes and Faynor3. 
work (described i n  d e t a i l  i n  9eference L )  ind ica tes  very s m a l l  temperature 
gradients ( l e s s  than 1 percent of t he  average Spacecraft  temperature over 
arly quadrant of the surface) .  

An ana lys is  based on t h e i r  

Thus, i n  t he  r e d  case ( w i t h  the  thermal sh ie ld ,  increased capacitance 
of t he  epacecraft, heat t r a n s f e r  in  tht_ honeycomb, e t c . )  c i rcumferent ia l  
temperature gradii?nts i n  the  spacecraf t  surface a r e  negl ig ib le .  ?ILLS result 
obtains a.t aL.1 solar dis tances  of i n t e r e s t  i n  the present study. 

The andyslc,  above assmed an isothermal heat shield. I n  f a c t ,  a. 
radial tt.mperature drop will e x i s t  i n  t he  s h i e l d  krhich w i i l  have the  n f f e c t  
of l o w r i n g  t h e  tymperatures cf the  soliar ce?1 surfaces  (node l!, 
temperathre gradients i n  t h e  sh ie ld  have been considered a n a l y t i c d l y ;  

*E F a d i a l  i s  defined herein as i n  t h e  d i r e c t i o n  of t h e  radius cf t he  

R E L d i d A  

----y__ I 

cylindricail. spacecraft  e 
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3. P a r t i c l e  rad ia t ion  res i s tance  

F l igh t  Quantity Avai labi l i ty  

0 c o s t  

. Current s ta te -of - the-ar t .  

It should be noted t h a t  several  manufacturers of s o l a r  c e l l s  r a t e  
t he i r  c e l l  conversion e f f ic iency  by considering only the  exposed ac t ive  
c e l l  surface area ins tead  of t he  t o t a l  surface area of t h e  c e l l .  This 
covered surface a rea  var ies  s l i gh t ly  with the  manufacturer, but  i s  general ly  
about 3 t o  5 percent of t he  t o t a l  c e l l  surface area.  
analysis ,  t h e  conversion eff ic iency is  applied t o  the  t o t a l  surface a rea  
of t he  c e l l .  

I n  the present 

Although large-area so l a r  c e l l s  provide severa l  advantages, they 
were not considered because of excessive cos t .  Bulk s ingle-crys ta l  gal-  
l i l n  arsenide snlar cells are an aIt.ernative t o  s i l i c o n  ceiis. Uthough 
they provide a conversion eff ic iency advantage a t  very high temperature, 
they are not considered herein because of de f i c i en t  performance i n  t h e  
temperature range of i n t e r e s t  and excessive cost .  

Solar  C e l l  Spec t ra l ly  Select ive F i l t e r s  

Solar c e l l  conversion eff ic iency i s  e s s e n t i a l l y  inversely propor- 
t i o n a l  t o  t h e  c e l l ' s  temperature; s i l i c o n  c e l l s  approach zero e f f ic iency  
at approximately 868OR ( 2 O g O C ) .  
s o l a r  a r ray  at  as low a temperature as possible.  

Hence, it i s  des i rab le  t o  operate a 

The most successful so l a r  c e l l  thermal cont ro l  technique is' the in- 
s t a l l a t i o n  of cover glass s l i d e s  with spec t r a l ly  se l ec t ive  mult i layer  
in te r fe rence  f i l t e r s  and an t i r e f l ec t ive  coatings which se l ec t ive ly  re- 
flect >.+.T.rPlengt.hs nnt. phot.nvn1 tn i c ly  convert ible .  

An ideal. f i l t e r  would transmit s o l a r  rad ia t ion  only i n  t h e  wave- 
l eng th  region within the  spec t r a l  regponse of t h e  s o l a r  c e l l .  
r ea l  f i l t e r s  include undesirable cha rac t e r i s t i c  transmission bands i n  
t h e  near-IR and I R  regions beyond the  c e l l ' s  response region; t h i s  i s  
i l l u s t r a t e d  i n  Figure 4. 
f i l t e r "  which r e j e c t s  so l a r  energy on t h e  sho r t e r  wavelength s ide  of 
the  c e l l ' s  response bandwidth. Suppression of both the shor te r  wave- 
l e n g t h  and some of t h e  s o l a r  energy j u s t  beyond the  c e l l ' s  long wave- 
l e n g t h  response can be accomplished by using a f i l t e r  with a l a r g e r  
number of layers ;  t h i s  f i l t e r  i s  ca l led  the  "blue-red f i l t e r " .  Thelan 
i d e n t i f i e s  t h i s  cha rac t e r i s t i c  as a s ingle  suppression band. This 
f i l t e r  i s  used extensively i n  t he  present analysis ,  and i s  iden t i f i ed  
as f i l t e r  No. 3. 

Unfortunately, 

Most a a r t h r b i t i n g  spacecraf t  u t i l i z e  a "blue 

Three commercially avai lable  f i l t e r s  a re  compared i n  Table 1. 
Based on t h e  analysis  which follows, t h e  b e s t  f i l t e r  f o r  t h e  present 
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F i l t e r  No. 1 Fil$er No. 2 

hcut-on (Microns)* 0.5 0.71 

Xzut-off (Microns)* 0.82 1.06 

IR Suppression Tripleband Tripleband 

Availabi. l i ty 6 Weeks 6 Weeks + 

Relative Cost 4,5* 4.5H 

Fl ight  Proven No NO 

mission would be a full-cell-response-bandwidth blue-red f i l t e r  s i m i l a r  
t o  f i l t e r  No. 3, with a t r i p l e  suppression band c h a r a c t e r i s t i c .  

E i l t e r  No. 3 

0.42 

1.02 

Singleband 

2 Weeks 

1.0 

Ye s 

FILTER COMPARISON 

As t h e  angle of incident  i l lumination ( i 0 e . ,  the  angle between t h e  
incident  i l lumination and a normal t o  the  s o l a r  c e l l  f i l t e r  surface)  in- 
creases,  f i l t e r s  e x h i b i t  a c h a r a c t e r i s t i c  s h i f t  t o  shor te r  wavelengths 
accompanied by decreased transmission, 
decrease i n  transmission occurs above approximately 45 degrees. 

It should be noted t h a t  a sharp 

A f i l t e r  cut-on s h i f t  t o  shor te r  wavelengths can be extremely d e t r i -  
mental t o  the  performance of an array,  since t h e  o p t i c a l  adhesives are W 
sens i t ive .  

The incidence angle e f f e c t s  discussed above a r e  increased by t h e  
adhesive and represent a strong argument for t h e  configuration shown by 
Figure 2. 
approximately 30 degrees. 

It i s  imperative t h a t  the  incidence angle be kept l e s s  than 

System Analysric 

System power and e l e c t r i c a l  output a re  considered below i n  terms of 
the  ac t ive  contr0.L parameter (shield pos i t ion)  and the s o l a r  dis tance.  
sh ie ld  angle (28) i s  used as the spec i f ica t ion  of s h i e l d  posi t ion.  

The 

Power Analvsis 

The maximun power output per Unit projected area of t h e  s o l a r  a r r a y  
was determined as described below: 
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P 
A 

A 

where 

= szrkr%%B 

power output 

projected surface area = 2rh s i n  0 

incident  s o l a r  $lux 

Packing f a c t o r  -- t h e  f r ac t ion  of the  t o t a l  spacecraf t  
surface (excluding ends) covered with s o l a r  c e l l s  

bare s o l a r  c e l l  conversion e f f i c i ency  at air  mass zero 
and 28% 

1 - 0.00545 (T - 3Ol'K) for' 10.75 N/P s i l i c o n  c e l l s  

e f f ic iency  r a t i o ,  f i l t e r e d  t o  bare  c e l l  

2 T  f l S  dX s: A: x h 
*l 

s OD 0 dh 

spec t r a l  transmittance of f i l t e r  

normalized solar c e l l  spec t r a l  response 

( r i ' m e x  

s p e c t r a l  s o l a r  i n t e n s i t y  distrribution 

mc- SOL 209/6.2 

(4) 

It is  apparent from equation (4)  t h a t  c e l l  s tack  temperature i s  a 
very i n f l u e n t i a l  parameter i n  t he  performance of t h e  solar array. 

The thermal analysis  together with accurate  thermal absorptance ( azT) 
values f o r  t he  c e l l  s tacks with f i l t e r s  w i l l  provide a b e t t e r  estimate 
of t h e  operating temperatures of the  c e l l s .  "he c e l l  s tack  absorptance 
can, i n  t h e  present case, be represented as the  d i f fe rence  between the  
t o t a l  absorptance of the c e l l  stack (k) and the  energy converted by t h e  
C e l l  i h t o  e l e c t r i c i t y :  

OzT 
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An analyt ic  approach leading t o  equation (6), and u t i l i z i n g  commonly 
measured,parmeters, results i n  t h e  following equations; 

= A=o 
%B 

T T s?L 
x=o - 

The data f o r  the  f i l t e r  were based on spectrophotometer measurements 
of a Sabricated unit. 
d i s t r i b u t i o n  (S ). 
s o l a r  spectrum 'in 5 percent energy increments : 

Johnson's d a t a  were used f o r  t he  s o l a r  s p e c t r a l  
The so lu t ion  of equations (7) and (8) considered the 

The c e l l  stack temperature i s  obtained from a trial and e r r o r  so lu t ion  
using the  absorp t iv i ty  given by equation (6) as i n  equations (l), ( 2 ) J  1 
and ( 3 ) .  

I n  Reference 1, the  above power ana lys i s  was performed f o r  t he  in-  
d ica ted  N/P s i l i con  so la r  c e l l  with each of t h e  three  f i l t e rs  considered 
i n  Table 1. The results presented herein are only f o r  t he  most promising 
combination, which used f i l t e r  No. 3. 

Refernce (1) a l s o  provides d e t a i l s  of the numeriaal ca lcu la t ions  f o r  
t he  pomr  analysis,  including performance data f o r  t he  c e l l  s t ack  components. 
It was found that :  

Q = 0.682 

=- 0.901 

and 

z = 0.85 

= 0.107 7s 
Using the  absorpt ivi ty  equation (6)  , 

= 0,682 - 0.901 rl - 0.00545(T-30l)i OzT 

c e l l  s tack  temperatures were calculated.  
Figure 5. 
t h e  maximum temperature of the thermal sh i e ld  w i l l  be about 3 8 0 ~ ~ .  

These results are presented by 
The m a x i m u m  calculated c e l l  temperature i s  approximately 190%; 
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Using the  power equations: 

P = (2rh s i n  8) S (0.107) %B [l - 0.00545(T-301)] 

= 336 S s i n  8 [l - 0.00545(T-301)], 

the  power output of the  s o l a r  array was computed f o r  three s o l a r  dis tances  
(1, 0.4, and 0.2 AU). These results a re  presented i n  Figure 6. 

Figure 7 shows the  sh ie ld  angle required f o r  m a x i m u m  and minimum 
(60 watts) power from 1.0 t o  0.2 AU. 
ava i lab le  from the  array,  f o r  each of t he  f i l t e rs  considered, as a func- 

Figure 8 provides t h e  m a x i m u m  power 

t i o n  of s o l a r  distance; t h i s  f igure provides a bas i s  
No. 3. These results show t h a t  the minimum power of 
maintained f o r  a l l  systems considered, and under a l l  
t he  exceDtion of operation with f i l t e r  No. 2 a t  1 AU 
power i s  about 52 w a t t s .  

for se l ec t ing  f i l t e r  
60 watts can be 
conditions,  with 
where t h e  corresponding 

Vnl+ age- Current Curves 

Voltage-current curves have been estimated f o r  t he  s o l a r  a r ray  with f i l t e r  
No. 3 as a function of sh i e ld  angle and s o l a r  dis tance.  The results of t h i s  
ca lcu la t ion ,  d e t a i l s  of which a r e  provided by Reference 1, are given i n  Figure 9.  

The given analysis  does not include losses  or degradation of e f f ic iency  
from t h e  following: assembly losses ,  diode losses ,  random open c i r c u i t  
losses ,  W adhesive transmission degradation, s o l a r  flare degradation, 
micrometeorite erosion, and operation off of the  maximum power point.  

A number of assumptions and s implif icat ions have been made t o  f a c i l i -  
ta te  the  power and voltage analysis of the  system. 
resu1t.s should be considered as a good f i rs t  approximation of the  system 
performance. 

Consequently, the  given 

Refinements which could be incorporated i n  the  analysis  include: using 
a l a r g e r  number of i t e r a t i o n s  on temperature; accounting fo r  temperature 
dependent propert ies  such as the  s h i f t  i n  t he  spec t r a l  response, 3, with 
temperature; including incidence angle e f f ec t s ;  allowing fo r  the  e f f e c t s  
of W and p a r t i c l e  radiat ion;  and allowing f o r  other  miscellaneous losses .  
These refinements would reduce uncer ta in t ies  r e su l t i ng  from a lack  of know- 
ledge of ac tua l  componeht (adhesives, f i l t e r s ,  cover glasses)  performance 
i n  a space environment ( i .e.,  a vacuum with combined W, p a r t i c l e ,  and 
thermal rad ia t ion) .  

Conclusions 

The primary conclusion resu l t ing  from the  analysis  reported here i s  
t h a t  using a posit ionable despun thermal sh ie ld  t o  expose body-mounted 
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N/P s i l i c o n  solar c e l l s  a t  near normal incidence angles, a 0.2 AU mission 
i s  f eas ib l e  i n  terms of thermal and photovoltaic performance f o r  the  
spacecraf t  configuration specif ied.  

I n  addition, the  following conclusions a re  made: 

a) The recommended c e l l  f o r  t h e  s o l a r  a r ray  i s  a 1 by 2 cm N/P s i l i c o n  
so la r  c e l l  with a 10.7 percent conversion e f f ic iency  a t  28Oc and 
a i r  mass zero. 

b )  A current ly  ava i lab le  and r e l i a b l e  ful l -cel l - response bandwidth 
blue-red f i l t e r  with a s ingle  I R  suppression band would perform 
s a t i s f a c t o r i l y  on the  s t a t e d  mission. 
t h e  same f i l t e r  with t r i p l e  suppression should be invest igated.  

For improved performance, 

c )  A minimum power of 60 w a t t s  and a minimum voltage of 24 vo l t s  can 
be maintained throughout the  missinn. 
t o  maintain the  minimum voltage at 0.2 AU. 

Switching may be required 

d)  Near the sun, a considerable power surplus  i s  avai lable .  

e )  Shield angles near the  sun are  s m a l l ,  thereby minimizing the  
e f f ec t ive  exposure of t he  c e l l s .  Thus, incidence angle e f f e c t s  
and solar a r ray  temperatures are minimized and photovoltaic 
operation i s  optimized. 

f )  A s  a result of t he  spacecraf t  sp in  r a t e ,  t h e  s o l a r  a r ray  i s  
e s sen t i a l ly  isothermal. 

g )  The maximum temperature of t he  s o l a r  a r ray  w i l l  be approximately 
l9O?F. 
about 3 8 0 ~ ~ .  

The m a x i m u m  temperature of t h e  thermal sh ie ld  w i l l  be 

h)  The shield configuration using two counter-rotat ing despun sh ie lds  
ro t a t ing  about the  spacecraf t  sp in  axis, provides t h e  performance 
optimization noted above. 
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Figure 3 - Spacecraft and Shield Schematic of Thermal Model . 
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I I CYLINDRICAL SPACECRAFT 

I 

THERMAL SHIELD 

I \  

SPACECRAFT -@- @ 

SHIELD FULL OPEN SHIELD HALF OPEN SHIELD CLOSED 

( 2 8  - 1800) ( 2 8  - soo) ( 2 8  - 00) 
Figure 2 - Configuration Schematic - Active Shield Consisting 

of  Two Counter-Rotating Shields (Configuration 2)  
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Closing Remarks 

Paul Rappaport 
IEEE Program Committee Chairman 

I n  s p i t e  of  t he  v i t a l  job so la r  c e l l s  have already done i n  space, we 
i n  the  s o l a r  c e l l  f i e l d  s t i l l  seem t o  be b a t t l i n g  t o  s t a y  a l ive!  We don ' t  
seem t o  have a high l e v e l  nat ional  spokesman, and i n  view of D r .  Townsend's 
remarks and M r .  F inger ' s  remarks I would say we need one. Short of t h a t ,  
we should a l l  attempt t o  make sure t h a t  the systems people a re  aware of t h e  
real po ten t i a l  of s o l a r  ce l l s !  

Single c r y s t a l  s i l i c o n  c e l l  arrays have been engineered today t o  de l ive r  
power i n  t h e  ki lowatt  range with power t o  weight r a t i o s  of 15-20 w/Lb. 
i s  a moving t a r g e t  and p/w r a t i o  of 25 w / l b  should be possible  within a few 
years .  
very w e l l  and ce r t a in ly  c e l l  p/w r a t i o s  of over 100 w/lb a re  possible.  The 
system p/w r a t i o  would of course be l e s s  but  appreciably higher than 25 w/lb. 
Systems i n  t h e  t ens  of ki lowatt  range could f l y  before 1970! 

Tnis 

A s  we have seen i n  t h i s  meeting, f i lm  type c e l l s  are coming along 

Radiation damage i s  no longer a ser ious problem. The r e l i a b i l i t y  of 
s o l a r  c e l l  systems i s  i n  t h e  5-10 years range. Storage b a t t e r i e s  are the  
real weak l i n k  i n  systems where they are needed. Most of t h e  competing 
systems I know of w i l l  have d i f f i c u l t y  a t t a i n i n g  over 5 year l i f e .  
Pu238 isotope systems using Si-& thermoelectrics will compete i n  relia- 

Perhaps 

b i l i t y ,  although Lhe power- iu i - a t lo  - - z T l  - -  +- -v  + z * - - n  mm-M,-,-- W I A A  uc U C L L  "L.LIIbY yuurb*. 

The cost  of $ l O O O / w a t t  t h a t  M r .  Finger mentioned last  night  i s  an 
ant iquated number. Here again, so l a r  c e l l s  a re  a moving t a rge t !  An or iented 
Zi-rZJ- si-stzm t d a y  cos t  pzrhzp $k%k..itt, starrclardizat.ion cm1_7 d reduce cos ts  ~ 

and I dare say t h a t  i f  t h e  volume demand were grea t  enough where high power 
systems were required t h a t  t h i s  pr ice  could be reduced by an appreciable 
amount 

L am not t ry ing  t o  say t h a t  s o l a r  c e l l s  are the  be -a l l  and end-al l  
Other systems are  very important and should be i n  space power systems. 

developed, but  f o r  s o l a r  powered missions, s o l a r  c e l l s  stand alone i n  
r e l i a b i l i t y ,  weight and a v a i l a b i l i t y  f o r  high power ( t e n s  of Kw) systems. 
In s p i t e  of t h i s ,  t h e  industry has l i t e r a l l y  been scrounging t o  s t a y  a l ive .  
Something's wrong, t he  funding has been law and decreasing and some of you 
i n  t h i s  room should be thinking about what can be done t o  cor rec t  t h i s  
s i t u a t  i on 1 


